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Abstract: Medical gloves, along with masks and gowns, serve as the initial line of defense against
potentially infectious microorganisms and hazardous substances in the health sector. During the
COVID-19 pandemic, medical gloves played a significant role, as they were widely utilized through-
out society in daily activities as a preventive measure. These products demonstrated their value as
important personal protection equipment (PPE) and reaffirmed their relevance as infection prevention
tools. This review describes the evolution of medical gloves since the discovery of vulcanization by
Charles Goodyear in 1839, which fostered the development of this industry. Regarding the current
market, a comparison of the main properties, benefits, and drawbacks of the most widespread types
of sanitary gloves is presented. The most common gloves are produced from natural rubber (NR),
polyisoprene (IR), acrylonitrile butadiene rubber (NBR), polychloroprene (CR), polyethylene (PE),
and poly(vinyl chloride) (PVC). Furthermore, the environmental impacts of the conventional natural
rubber glove manufacturing process and mitigation strategies, such as bioremediation and rubber
recycling, are addressed. In order to create new medical gloves with improved properties, several
biopolymers (e.g., poly(vinyl alcohol) and starch) and additives such as biodegradable fillers (e.g.,
cellulose and chitin), reinforcing fillers (e.g., silica and cellulose nanocrystals), and antimicrobial
agents (e.g., biguanides and quaternary ammonium salts) have been evaluated. This paper covers
these performance-enhancing materials and describes different innovative prototypes of gloves and
coatings designed with them.

Keywords: medical gloves; natural rubber; synthetic rubber; bio-filler; reinforcing filler; antimicrobial
properties; performance-enhancing materials

1. Introduction

To minimize the risk of exposure to cross-infection between patients and healthcare
workers, it is necessary to use personal protective equipment (PPE) such as disposable
medical gloves, masks, or gowns [1]. Among these items, medical gloves were widely used
by the population during the COVID-19 pandemic and played a key role as an infection
prevention tool for medical staff and society in general. Microorganisms, infectious agents,
and pathogens, such as bacteria, viruses, fungi, protozoa, and prions, live in the human
body and the surrounding environment [2]. Most of these organisms do not pose a threat
to the general population, but during an epidemic or in medical facilities, pathogenic mi-
croorganisms can be present at serious levels and cause illness. Hands are a major source of
infection spread. Although hand washing is effective in eliminating most microorganisms,
there are circumstances in which this practice is not sufficient, and exposure justifies the
use of an additional layer of protection. For these reasons, medical gloves are mandatory
when performing invasive procedures or coming into contact with sterile sites [3].

According to World Health Organization (WHO) recommendations, protective gloves
should always be used in cases of contact with blood, mucous membranes, injured skin, or
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other potentially infectious material, as well as hazardous chemicals and drugs [1]. The
aim of this work is to review the materials used in medical gloves due to their importance
as an element of personal protection. The purpose is to compare the natural and synthetic
rubbers used in their manufacture as well as identify performance-enhancing materials that
can be added to medical glove formulations to improve their properties. These materials
include biopolymers, eco-friendly additives, bio-based fillers, and antimicrobial agents [4].
Similarly, we intend to address several prototypes of medical gloves, blends, composites,
and coatings made from these new materials.

1.1. History of Medical Gloves

Many healthcare workers were aware that accidental open lesions experienced while
performing their duties could result in an infected wound, illness, and even death before
the microbial nature of infection was established in the middle of the 19th century [5].
The exact time when protective gloves were first employed in the healthcare business is
unknown. There are suggestions that an obstetrician called Walbaum covered his hands
with sheep intestine as early as 1758 [6]. Other physicians used to cover their hands with
cotton, silk, or leather gloves [5].

An important milestone in this field was the discovery of vulcanization by Charles
Goodyear in 1839, when he was working at a rubber factory in Massachusetts and mixed
a piece of rubber with sulfur on a hot stove [7,8]. He had discovered the vulcanization
process, which turned natural rubber (NR) from a thermoplastic that could be softened
by heat into a harder, more stable, and more durable product. Vulcanization consists of
the development of a crosslinked rubber that is the product of the creation of bonds at
several points of the individual NR chainlike molecules using sulfur as the crosslinking
agent [9,10].

Vulcanized rubber quickly became the choice for coarse protective medical gloves.
William Halsted of Johns Hopkins Hospital in Baltimore was likely one of the early promot-
ers of sterile NR gloves in the operating room, but it is uncertain who initially encouraged
their use. Halsted asked the Goodrich Rubber Company to make finer and less rudimentary
NR gloves, although they were still quite stiff and difficult to handle. Over time, the NR
gloves became even thinner and shorter. In 1897, the first article about sterile NR gloves
in medical settings was published. This paper, entitled “Rubber gloves in the practice
of surgery”, was written by Werner von Manteuffel and appeared in a German surgical
journal [11]. By the beginning of the 20th century, the use of sterile NR gloves had become
widespread in surgical practice [5].

1.2. Market of Medical Gloves

The rising incidence of epidemic diseases such as swine flu (H1N1) and the more recent
and widespread COVID-19 (SARS-CoV-2) has driven the growth of the global medical
glove market. As reported by the Financial Times, during the latter pandemic, glove
industry sales and profits increased by over 100% [12,13]. According to data provided
by Global Market Insights, the worldwide market of medical gloves grew dramatically
as a result of the first phase of the COVID-19 pandemic expansion, reaching over USD
4 billion in 2020 [14]. In 2021, when the infection was best understood and the supply of
these products increased in line with demand, this market experienced a slight decline in
profits and reached USD 12.31 billion in value. Nevertheless, it is expected to increase at
a compound annual growth rate (CAGR) of 5.8% from 2022 to 2030 [15].

Figure 1 shows EU-27 imports of surgical gloves between January 2019 and December
2021. The graph was compiled from the Eurostat dataset “DS-1180622” for product code:
“B3-40151100 Surgical gloves, of vulcanized rubber other than hard rubber (excluding
fingerstalls)”. In the graph, the business as usual (BAU) trend line was plotted using import
data from January 2019 to March 2020, when the WHO proclaimed the global pandemic of
COVID-19. To estimate the rise in medical glove imports during the COVID-19 pandemic,
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the over-BAU value was estimated using data from April 2020 to August 2021. The value
of net imports in excess of BAU was approximately 62,000 Tons [16].
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Figure 1. Imports of surgical gloves in the EU-27 from January 2019 to December 2021. Chart
prepared by the authors based on Eurostat data [16].

MARGMA (Malaysian Rubber Glove Manufacturers Association) estimates that the
global demand for gloves grew by almost 200 billion units in the first months of 2020 due
to the COVID-19 pandemic [17]. In 2021, at the peak of this pandemic, the global demand
for rubber gloves reached 492 billion units. The exports of rubber gloves from Malaysia
in monetary value terms from 2014 to 2021 are illustrated in Figure 2. This graph clearly
reflects the significant growth that has occurred. Prior to the pandemic, the value of exports
in Malaysian ringgit (MYR) did not exceed MYR 20 billion; however, by 2020, exports had
reached MYR 35.26 billion, and in 2021, they peaked at around MYR 54.81 billion [18].
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Figure 2. Exports of rubber gloves from Malaysia. The arrow indicates the sharp rise. Chart prepared
by the authors based on MARGMA data shown in reference [18].

Major players in the glove market include Top Glove and Comfort Gloves [19]. Figure 3
shows the quarterly financial report of Top Glove Corporation Berhad with its earnings dur-
ing the past pandemic period. In first quarter of 2021 (1Q-2021), this company achieved its
maximum quarterly net profit of MYR 2.38 billion, and a high revenue of MYR 4.76 billion.
The group’s quarterly net profit, compared to the previous quarter (4Q-2020), increased
84% from MYR 1.292 billion, while revenue increased 53% from MYR 3.11 billion [20,21].
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Figure 3. Quarterly financial report of Top Glove Corporation Berhad. Chart prepared by the authors
based on Bursa Malaysia data shown in reference [21].

The quarterly financial report of Comfort Gloves Berhad is presented in Figure 4.
This chart shows that the revenue increased from MYR 138.65 million in 1Q-2020 (before
COVID-19) to MYR 541.24 million in 2Q-2021, which represents a rise of 290%. In the same
quarters, the group net profit amounts were MYR 10.24 million and MYR 219.13 million,
respectively, which means an increase of 2040% [17,22,23].
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Figure 4. Quarterly financial report of Comfort Gloves Berhad. Chart prepared by the authors based
on Bursa Malaysia data shown in reference [22].

In terms of the medical glove material market, natural rubber (NR) and acrylonitrile
butadiene rubber (NBR) gloves are the most important sectors. NR gloves are the type
that generates the highest revenues, due to their variety of applications in fields such as
examinations and surgeries in the medical environment and as protection against chemicals
and pathogens in the general industrial sector [24]. In the 2020 market share, the NR
examination glove segment accounted for USD 5.1 billion, while the surgical glove segment
reached USD 4 billion [14]. In 2021, the global NBR glove market was valued at USD
8.54 billion, and its size is expected to expand at a CAGR of 10.54% from 2022 to 2029.
The NBR glove market attracted substantial new investments due to price incentives and
increased demand resulting from the COVID-19 outbreak [25].
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1.3. Production Process of Medical Gloves

The most common natural and synthetic rubber medical gloves are produced through
the dipping process (Figure 5). Slowly, hand-shaped porcelain or metal molds are immersed
in various tanks and subjected to different treatments. The main one is dipping in com-
pounded latex, which consists of a mixture of natural or synthetic latex and compounding
chemicals [26]. The compounding chemicals are the additives that must be included in
medical glove formulations to achieve the required characteristics, such as mechanical
strength, barrier integrity, color, aging protection, etc. [27]. These additives include vulcan-
izing agents, plasticizers, softeners, fillers, antioxidants, stabilizers, and different chemical
compounds intended to improve processability [28,29].
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Figure 5. Production process of medical gloves by dipping.

The steps of the dipping process are briefly described below:
Former Cleaning: The procedure begins with washing and drying the hand-shaped

molds. Alkaline solutions, acidic solutions, oxidizing agents, surfactants, and combinations
of these can be employed as cleaning agents [28].

Coagulant Dipping: After cleaning the formers, they are coated with a coagulant,
which is usually a polyvalent metal salt, an organic acid, or an organic acid salt [28]. The
formers are dipped into the coagulant bath to promote adhesion and distribution of the
compounded latex. The coagulant solution may also contain a separating agent, often
calcium carbonate, which prevents the rubber from adhering to the molds. Subsequently,
the molds are subjected to a drying process [26].

Latex Dipping: Next, the glove formers are dipped in a tank containing the com-
pounded latex. The latter is a mixture of rubber suspension with several substances needed
to form a glove, known as compounding chemicals. Formerly, the term “latex” referred
to the white, milky sap gathered from the rubber tree; however, the terminology has also
come to refer to dispersions of fine rubber particles in a liquid composed predominantly
of water. Natural rubber (NR), polyisoprene rubber (IR), acrylonitrile butadiene rubber
(NBR), and chloroprene rubber (CR) are mainly used in the dipping process [26].

Before adding other chemicals to commercial latexes, they must be stabilized to avoid
alterations and variations in their ionic strength during the manufacturing process. The
formulation ingredients must be integrated directly into an aqueous dispersion. For proper
stabilization of the latex, the introduction of chemicals such as surfactants and rosin resins
are required. Usually, two stabilization processes are needed; the provider performs the first
stabilization step, but commercial latexes must be further stabilized before compounding
chemicals are added. This second stabilization is mostly an electrostatic stabilization
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accomplished by altering the ionic strength of the latex. Table 1 presents some chemicals
used for latex stabilization and their function [27].

Table 1. Typical chemicals used for latex stabilization [27].

Function Description

pH increasing Generally, KOH is added to latex to raise its pH to 10–11.

Surfactants Suspensions of chemicals in water can be made more stable with
the help of ionic and non-ionic additives.

Rosin resins
Some synthetic latexes, such as CR and IR, are formulated with
colophonium resins, which effectively perform the functions of

particle stability and film forming.

Once the latex has been adequately stabilized, crosslinking agents are usually applied
to bind the polymeric chains together and form a three-dimensional network that gives the
material the desired flexibility and performance. The crosslinking process may involve the
use of several crosslinking agents [27].

Vulcanization, in which crosslinking is carried out by means of sulfur bonds, is the
most common technique [8]. Colloidal sulfur is often employed with NR, IR, and NBR
latexes. Typically, 0.5 to 2.5 parts per hundred of rubber (phr) are used. Zinc oxide is
utilized in the range of 4.0–5.0 phr for CR [26]. Carbamates in conjunction with thiazoles
are ultra-fast accelerators for the crosslinking process. The latex mixture can alternatively
be vulcanized by adding sulfur donors such as thiurams and thioureas as activators.
Guanidines, or xanthates, also can be added [30].

Fillers, in particular calcium carbonate, are commonly used to reduce the cost of NR
examination gloves [27]. The degree of reinforcement offered by a filler for a rubber glove
depends on many factors. The most crucial aspect is to achieve a large filler–rubber interface,
which only colloidal filler particles can offer. To avoid dispersibility and processability
concerns, the particles must have a specific surface area between 6 and 400 m2/cm3 [31].

Medical gloves contain antioxidants that defend them against attack by oxygen while
in storage. Surgical and examination gloves contain non-staining antioxidants such as
phenolic antioxidants (styrenated and hindered phenols), which are sometimes combined
with a secondary antioxidant [30].

Pigments and dyes are combined with gloves to achieve opacification and impart the
desired hue to the product [27]. The use of pigments or UV absorbers can improve light
fastness to prevent hardening of NR gloves when exposed to direct sunlight. Also, by
adding so-called antiozonants, protection against ozone can be accomplished [30].

Pre-curing: After the latex dipping process, another drying phase takes place. In this
stage, the curing process is partially carried out, which is called the pre-curing process. The
compounded latex that has been deposited on the molds is allowed to acquire a certain wet
gel strength before the leaching step [28].

Leaching: This stage is often referred to as “wet gel leaching.” Once the latex mixture
has dried, residual chemicals and proteins on the gloves surface are removed through
immersion in tanks of hot water. The tanks are refilled periodically with fresh hot water [28].
The water immersion period ranges from 1 to 10 min, depending on the film width. Washing
NR latex film in a weak aqueous alkaline solution, such as aqueous ammonia or aqueous
potassium hydroxide solution, facilitates protein removal [26].

Curing: This process, also simply referred to as vulcanization, often involves a hot-
air circulation blower. The lowest vulcanization temperature varies depending on the
compounded latex. Normal ranges for NR and IR are 90–100 ◦C, for NBR 120–140 ◦C, and
for CR 120–130 ◦C [26]. The rubber reaches its final strength upon leaving the vulcanization
oven [28].

Surface treatment: The purpose of the treatment of the inner surface of gloves is to
prevent sticking together, to facilitate donning, to ensure a smooth fit, and to provide
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comfort during use. Traditionally, powder was employed for this purpose. However,
powder was associated with increased risks of irritation or hypersensitivity for both users
and patients, especially in NR gloves. NR latex proteins, which cause allergies, adhere to
the powder, and spread rapidly in the environment, increasing the prevalence of allergies.
As a result, the use of powder is increasingly restricted by regulation. In several countries,
such as the United States, Germany, and the United Kingdom, powder is prohibited [27,32].
As an alternative, other treatments can be applied, such as chlorination and polymeric
coatings [33].

Powdered gloves are formed by dipping them in a slurry. This substance is also
known as wet powder, and contains talc, silica, or crosslinked starch. For the chlorination
process, the gloves are dipped in a solution containing chlorine. The reaction with the
chlorine forms a thin film of chlorinated rubber on the glove surface. The chlorine solution
is produced by pumping chlorine gas into the water or by combining hydrochloric acid
with sodium hypochlorite [26]. Probably the most widely used method for producing
powder-free NR gloves is chlorination. The double bonds of the polymer chains present
in NR are highly prone to the addition of chlorine, which has the effect of stiffening and
detackifying the rubber surface of the glove [28].

Regarding polymer coating, it is common practice to dip gloves in hydrogel, an
aqueous dispersion based on acrylic or polyurethane diluted to the required concentration,
silicone polymer, or a polymer blend [26]. Coatings can be classified into two categories:
hydrogels and non-hydrogels. Hydrogel coatings are composed of substances that absorb
water several times their weight, swell, and become slick so that gloves can be easily donned.
Non-hydrogels are water-repellent, and the coating’s topology matches the features of
a powdered surface. Often, a dual strategy is employed: first, the donning side of the glove
is coated, and then the grip side is chlorinated [28].

Stripping from molds: After surface treatment, the gloves undergo a drying process
and are then demolded and packaged for sale [26].

1.4. Environmental Concerns Related to Medical Gloves

The global demand for rubber gloves keeps increasing despite the environmental
problems related to their disposal [34]. Rubber gloves account for 24% of total medical solid
waste [35]. Discarded NR gloves typically take at least two years to degrade in a natural
environment. Many highly additivated and crosslinked commercial NR gloves require
even longer to fully decompose in soil under ambient conditions [36].

The various stages of rubber glove production require multiple resources, including
potable water, chemicals, energy, and electricity. Water is often used for the preparation of
the compounded latex, as well as for cleaning, leaching, and cooling procedures. Heat is
utilized in the drying and curing processes. Electricity is mainly used for lighting, pumping
water, operating heavy machinery, and the treatment of liquid waste [37].

At each stage of the glove manufacturing process, there are material inflows and waste
outflows. Contaminated rinse water flows can be said to occur throughout the washing and
leaching stages. In operations involving heating or mechanical action, energy is consumed.
Ovens fueled by liquefied petroleum gas (LPG) produce carbon dioxide emissions as well
as energy losses. Gloves and packaging materials are also discarded downstream in the
production process. This manufacturing technique has effects on the environment as well
as human wellness [38].

It is important to note that sulfur is one of the most widely used crosslinking agents.
The sulfur-based curing system (vulcanization) is harmful from the point of view of environ-
mental and health problems. The emission of toxic sulfur-based gases can cause acid rain,
which returns considerable quantities of sulfuric acid to the earth, destroying vegetation
and degrading soil quality. In addition, gaseous sulfur compounds can induce irritation
and inflammation of the respiratory system. Higher levels of sulfur dioxide can cause eye
burns and be fatal to humans [39]. In addition, accelerators such as benzothiazoles, which
are toxic to aquatic life, are used in the vulcanization process [40].
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To counterbalance the disadvantages of the traditional sulfur process, alternative
curing methods include metal ionic crosslinkers, organic peroxides, or physical methods
such as UV and gamma rays. The basic mechanism underlying the functionality of the
metal ion as a crosslinker is related to its charges. Sulfur forms covalent bonds between
elastomer chains in vulcanization, and these sulfur bonds can be replaced by an ionic
bond with a multivalent metal ion, resulting in a reduction in process time and energy
consumption. The most common applications of metal ion crosslinking are NBR and CR
gloves. As this method does not require initiators or crosslinking accelerators, the cost of
materials is reduced [39].

In ultraviolet (UV) crosslinking, covalent bonds are generated via the UV-assisted
thiol–ene reaction, which represents an unconventional method for the crosslinking of NR.
It can be carried out at room temperature with short process times and without the use of
hazardous chemicals. UV-crosslinked NR articles exhibit good skin compatibility and high
tensile strength. Both the lattice density and Young’s modulus have been found to increase
with radiation intensity [41].

With respect to gamma ray crosslinking, research has shown that carboxylated NBR
can be crosslinked (forming covalent bonds) through high-energy radiation, such as gamma
rays or electron beams [41]. The advantages of this procedure include the absence of haz-
ardous chemical residues, full control of the crosslinking density, and improved mechanical
properties of the crosslinked material. Disadvantages include the large amount of energy
required for the process, the fact that direct exposure of humans could cause cancer, and
the lack of available technical data [42].

In recent years, the widespread usage of rubber and the resulting large amount of
waste of this material has increased interest in this field, with the objective of applying
bioremediation. NR can be degraded by bacteria and fungi, but the process is slow and
even slower in gloves with higher crosslinking densities [35,43]. Linos et al. (2000) found
that Pseudomonas aeruginosa AL98, a type of Gram-negative bacterium, was capable of
disintegrating NR, in its natural form as NR latex concentrates or in its crosslinked forms
as NR or IR gloves [44].

Although the biodegradation of NR has been widely investigated, progress in this
field of study has been hampered by the difficult isolation of appropriate bacteria, extended
cultivation periods, and the scarcity of genetic tools [45]. Actinomycetes have dominated
the literature about the rupture of cis-1,4-polyisoprene among NR-degrading bacteria.
The most prominent genera are Streptomyces, Mycobacterium, Nocardia, and Gordonia [46].
The three latter species directly attack the NR substrate, producing a biofilm and fusing
with the polymer to induce cell surface degradation. The adherent group of bacteria has
been implicated as much more efficient degraders of this substance than enzyme-secreting
strains [47].

There is evidence that some NR glove additives limit microbial descomposing action.
It has been demonstrated that the extraction of these inhibitory substances (antioxidants)
using organic solvents promotes the proliferation of Gordonia and Micromonospora species.
However, using chemical solvents to remove rubber inhibitors is not environmentally
friendly, so an alternative via microbial action was studied. Due to the similarities between
rubber additives and fungal degradable chemicals, the successful cleavage of antioxidants
by white rot fungus has been reported [46].

An example of a plant for the recycling and remediation of NR by microbial action
is shown in Figure 6. The waste NR is ground to promote further microbial attack. The
ground rubber is then heated to denature the unstable compounds, while sterilizing the
rubber to ensure the absence of pathogenic species that could inactivate or compete with
the microorganisms used in the bioreactors [46].

After heating, a detoxification process is performed in which white rot fungi can be
used to degrade the NR additives. Once the additives have been removed, a devulcaniza-
tion process is performed with Thiobacillus ferrooxidans to break the sulfur bonds of the NR.
The decomposition can be completed with potent degrader agents such as Nocardia sp. and
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Gordonia polyisoprenivorans. Then, the lower-molecular weight molecules can be catabolized
by Streptomyces sp. or Xanthomonas sp. Alternatively, the devulcanized NR can be filtered,
cleaned, dried, and blended with fresh NR for reprocessing [46].
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Figure 6. Recycling and remediation of NR through microbial action. Reprinted and adapted with
permission from reference [46]. Copyright © 2013 Springer Nature.

2. Types of Medical Gloves

There is a variety of medical gloves based on the specific requirements of each ap-
plication. Essentially, the two main types of medical gloves are examination gloves, used
for normal medical check-ups and minor operations, and surgical gloves, used for op-
erations [48]. Examination gloves are thin (50–150 µm) and ambidextrous. As they are
usually for short-term use, they can be sterile or non-sterile depending on the risk to be
handled. On the other hand, surgical gloves are always packed in a sterile bag in pairs,
distinguishing the right hand from the left. These gloves are thicker than examination
gloves (180–250 µm) as they are worn longer; it is advisable to change them every 90 min,
or less if a perforation is detected [27].

The most common types of medical gloves (Figure 7) include those made of the
following materials: natural rubber (NR), polyisoprene (IR), acrylonitrile butadiene rubber
(NBR), chloroprene (CR), polyethylene (PE), and poly(vinyl chloride) (PVC) [32].
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2.1. Natural Rubber (NR)

Natural rubber (NR) is a key raw material that has modernized the world due to its
wide functionality and excellent elastic properties. NR is present in the latex of more than
2000 plant species, including Hevea sp., Castilla sp., Manihot sp., Guayule sp., and Taraxacum
kok-saghyz sp. [27,49]. Surprising examples, such as dandelions, are included. However,
only one tree source, Hevea brasiliensis, is commercially significant [31].

Hevea brasiliensis NR latex is a colloidal system of cis-1,4-polyisoprene particles dis-
persed in an aqueous serum. The milky white sap consists of approximately 34%
cis-1,4-polyisoprene, 2–3% protein, 0.1–0.5% sterol glycosides, 1.5–3.5% resins, 0.5–1.0%
ash, 1.0–2.0% sugars, and 55–65% water [31,50]. The production of milky latex generated
by the Hevea brasiliensis tree fluctuates between 19.8 g and 90.5 g per tree and per tap,
using a half-spiral cut extraction method on the bark of the tree with alternating daily
harvesting [42].

NR gloves, also known as latex gloves, are made of 90% to 95% NR and 5% to
10% compounding additives [30]. Thus, NR gloves are waterproof, and they exhibit
excellent mechanical properties, such as high elasticity, tactility, and tension retention [39].
These gloves are excellent for delicate applications due to their extreme comfort and
sensitivity [51]. The minimum and maximum operating temperatures are −51 ◦C and
104 ◦C, respectively. Most medical examination and surgical gloves are made of this
material, which provides excellent barrier protection against microorganisms and infectious
fluids [42]. A negative aspect of NR is the presence of impurities such as proteins, which
have antimicrobial properties and play an important role in plant defense responses, but
whose remaining presence in NR gloves causes allergies to a certain part of the exposed
population [52,53]. Sensitization may occur with repeated exposure [54]. NR gloves
typically have extractable protein (EP) levels ranging from 20 to 1000 µg/g. Despite this,
EP can be removed through various leaching processes [1]. Once NR gloves were identified
as a source of allergen exposure, awareness was raised, and risk reduction measures were
implemented. The transition to powder-free, low-protein NR gloves and synthetic gloves
corresponded with a decrease in the incidence of allergies [55].

2.2. Polyisoprene (IR)

Polyisoprene rubber (IR) is a synthetic rubber with the same chemical composition as
NR and therefore shares similar properties. Shell Company was the first to commercialize
IR in 1960 [56]. IR has a more uniform and lighter color than NR. IR also has a higher
tensile and tear strength due to a narrower molecular weight dispersion. This material
behaves like NR during processing and can be crosslinked using the same techniques [31].
Most synthetic surgical gloves are made of IR and are characterized by their high dexterity,
sensitivity, absence of protein, and high level of wearer comfort [57]. IR contains 90–92%
cis-1,4-polyisoprene, while NR contains approximately 99% of this configuration [58].

2.3. Acrylonitrile Butadiene Rubber (NBR)

Acrylonitrile butadiene rubber (NBR), also known as nitrile rubber, was patented in
1934 by the chemists Erich Konrad and Eduard Tschunkur of IG Farabenindustrie [59]. The
acrylonitrile content (18% to 50%) in this material gives it higher hardness, higher resistance
to oil and non-polar solvents, and better puncture and abrasion resistance compared to
NR [31]. This material is used in various surgical and examination gloves. They are
usually blue, purple, or black, and any needle puncture is evident [32]. NBR gloves have
a longer shelf life than NR gloves [24]. NBR gloves are flexible, soft, and comfortable.
However, they have drawbacks such as lower sensitivity and rougher texture than NR
gloves [51]. Their pathogen protection and temperature tolerance are moderate, with lowest
and maximum working temperatures of −34 ◦C and 121 ◦C, respectively [42]. NBR is one
of the most widely used synthetic rubbers because of its lower cost compared to other
synthetic rubbers [39,51].
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2.4. Polychloroprene (CR)

Polychloroprene (CR) is a DuPont patented and registered product known as Neoprene® [42].
It is produced through emulsion polymerization of chloroprene [31]. This is one of the most
frequently used synthetic rubbers for making gloves that are resistant to both temperature
and aggressive chemicals. Its environmental resistance, thermal stability, and good oil
resistance make it a standout in the glove sector [39].

CR gloves fit and feel like NR gloves. They are very comfortable and suitable for
people sensitive to NR. These gloves are extremely durable and can stretch quickly while
maintaining their original shape due to their high elasticity [60]. Their mechanical and
flammability resistance are also superior to those of NBR gloves [42]. The minimum and
maximum operating temperatures are −25 ◦C and 93 ◦C, respectively [61].

2.5. Polyethylene (PE)

Polyethylene (PE) is a polymer synthesized through polycondensation of ethylene.
PE is malleable, flexible, and resistant to heat, electrical current, chemicals, and degra-
dation [62]. Thin PE foils are welded together to create PE gloves available in various
thicknesses and with textured surfaces. They have a wide range of applications, including
non-sterile medical work, food handling, painting, and handling of electronic components.
The protective effect depends more on the strength of the welded seams than on the inherent
chemical resistance of the material [30].

2.6. Poly(vinyl Chloride) (PVC)

Polyvinyl chloride (PVC) is a synthetic rigid polymer that was converted into a flexible
material by Waldo Semon at BFGoodrich in the 1920s. Flexible PVC is vinyl compounded
with a plasticizer, which defines the properties of the final product [63]. Traditionally,
phthalates have been added to PVC as plasticizers. These substances have been gradually
replaced with less harmful substitutes such as adipates and vegetable oils [64]. PVC
gloves, also known as vinyl gloves, are stiffer than NR gloves and have comparatively
lower elastic modulus, tear strength, tensile strength, feel, and comfort, but on the plus
side, they have no residual protein and are less expensive [27,65]. PVC gloves are usually
transparent and fit loosely; they can be used in non-sterile environments and for handling
non-hazardous materials and drugs [32]. PVC gloves are permeable; investigations into
the permeability of gloves exposed to 13 chemotherapeutic drugs indicated that even after
short-term applications, transfer to the wearer’s skin occurs [51,66]. These gloves are easily
worn out by use [67].

Table 2 summarizes the main advantages and disadvantages of the different types of
medical gloves.

Table 2. Properties of main medical gloves.

Material Advantages Disadvantages

NR

Good resistance to alkali and acids.
Comfortable, good fitting and feeling for hands.

High elasticity and ability to adapt to shapes.
High tear strength.

Waterproof.

Permeable to several solvents.
Poor resistance to chemicals.

Possible allergies due to
residual protein.

IR
Absence of allergy associated with proteins in

NR gloves.
Good elasticity and break resistance.

It is costly.
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Table 2. Cont.

Material Advantages Disadvantages

NBR

Good alternative for people that are allergic to
NR gloves.

Resistance to various chemicals, especially oils,
fuels, weak acids, caustics, and some

organic solvents.
Eligible for handling most food materials.

Good resistance to mechanical stress.

It has a low level of sensitivity,
which may restrict how well

the hands adapt to and
operate with the gloves.

Low resistance to alcohols,
amines, ketones, ester, ethers,

concentrated acids,
halogenated hydrocarbons,
and aromatic hydrocarbons.

CR

Resistance to temperature and harsh chemicals.
Mechanical and flammability resistance are

superior to NBR gloves.
CR gloves fit and feel like NR gloves.

Appropriate for people allergic to NR.

It is costly.

PE Can be used for food material.
Inexpensive option.

Poor resistance and
barrier protection.

PVC
It is cost-effective, since PVC is inexpensive.

Good for those suffering from skin and chemical
allergies as it is skin-friendly.

Due to plasticizer, not
adequate for handling fatty

food since there is the
possibility of migration of the

plasticizer into the food.
Less stretch, comfort, and

elongation than NR.
Poor resistance to

chemical degradation.
High permeability to
chemotherapy drugs.

3. Mechanical Properties of Medical Gloves

There are international requirements that must be followed for medical gloves to be
suitable for their intended purpose. As an example, the ASTM standards for NR, NBR and
CR rubber examination gloves are presented in Table 3.

Table 3. Mechanical properties of examination medical gloves according to ASTM standards.

Property of
Examination Gloves

ASTM D3578—19 (NR) [68] ASTM D6319—19
(NBR) [69]

ASTM D6977—19
(CR) [70]

Before Aging After Aging Before
Aging

After
Aging

Before
Aging

After
Aging

Type I Type II Type I Type II

Minimum Tensile
Strength (MPa) 18 14 14 14 14 14 14 14

Maximum Stress at 500%
Elongation (MPa) 5.5 2.8 - - - - - -

Minimum Ultimate
Elongation (%) 650 650 500 500 500 400 500 400

The ASTM D3578 – 19 specification dictates the mechanical property values that NR
examination gloves must reach. The appendix of the standard provides physical criteria for
Type I and Type II gloves. This classification has been extended to provide customers with
a greater selection of fit, feel, and comfort [68]. For NBR and CR examination gloves, the
mechanical property values are dictated by ASTM D6319 – 19 [69] and ASTM D6977-19 [70],
respectively.
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For NR, NBR, and CR examination gloves, one of the following accelerated aging tests
must be performed: (a) being exposed to 70 ± 2 ◦C for 166 ± 2 h or (b) 100 ± 2 ◦C for
22 ± 0.3 h. Aging tests are designed to demonstrate that the performance of the gloves will
not deteriorate before the date of expiry. Accelerated aging testing is required since it is
impracticable to conduct real-time aging tests prior to releasing these products onto the
market. Under the standards’ test conditions, gloves must be able to resist the deterioration
caused by oxidative and thermal aging. Mechanical properties are expected to be altered
over the lifespan of the product, so they are measured before and after the aging test to
verify that gloves keep their physical integrity and protective capability [68–70].

The specifications for the mechanical properties of medical gloves according to Eu-
ropean standards are addressed in EN 455-2:2015 (Medical gloves for single use. Part 2:
Requirements and testing for physical properties). For accelerated aging, the gloves are
heated in an oven at 70 ± 2 ◦C. The minimum force at break (before and after aging) for sur-
gical gloves must be 9.0 N, for examination gloves except for thermoplastic materials 6.0 N,
and for examination gloves made of thermoplastic materials (e.g., PVC, PE) 3.6 N [71].

Table 4 shows the mechanical properties of examples of gloves made of NR and NBR
of KOSSAN Rubber Industries gloves published on the company website. It can be seen
that the properties of the products meet the normative requirements [72].

Table 4. Examples of mechanical properties of KOSSAN medical gloves [72].

Property
Latex Examination Glove PS60Y Nitrile Examination Glove CS30

Unaged Aged Unaged Aged

Tensile Strength (MPa) 20–24 16–20 28–32 29–33

Ultimate
Elongation (%) 700–740 600–640 500–540 460–500

Force at Break (N) 7.0–7.5 7.0–7.5 6.0–6.3 6.0–6.3

4. Prototypes of Medical Gloves with Performance-Enhancing Materials

The long-term viability of medical glove manufacturing processes is crucial from both
a financial and environmental protection point of view. The use of performance-enhancing
materials such as biomaterials, bio-fillers, biodegradable polymers, antimicrobial agents,
etc. in conjunction with natural and synthetic rubbers could help to support the three
pillars of sustainability in the environmental, social, and financial sectors.

Biomaterials such as bio-fillers help accelerate gloves’ degradation after disposal. Thus,
the extraction of bio-based chemicals and their incorporation into the polymeric matrix
could lead the way in a new era in disposable glove manufacturing [73]. Food waste,
terrestrial vegetation, and aquatic plants such as micro and macro algae could all be sources
for these bio-based compounds [39]. Since the green market is growing dramatically each
year, the introduction of biodegradable rubber gloves onto the market within the green
technology sector would present an opportunity for manufacturing companies [36].

Antibacterial components have become prevalent in daily life, and the antibacterial
properties of nanoparticles are rapidly being investigated and commercialized [39]. Despite
being sterilized and separately packed, surgical gloves are exposed to germs when the
package is opened [74].

The increasing number of antibiotic-resistant microorganisms has led to the search
for new agents that can prevent the spread of pathogenic microorganisms. Antibacterial
agents with the potential to be incorporated into natural or synthetic rubber gloves in-
clude biguanides such as chlorhexidine salts and poly(hexamethyl biguanide) (PHMB),
quaternary ammonium salts such as benzalkonium chloride and benzethonium chloride,
chlorinated phenols such as triclosan, essential oils such as farnesol, phenoxyethanol, oc-
toxyglycerin, antifungal agents, iodine compounds, silver salts, some vegetable oil extracts,
such as gentian violet, brilliant green, chitosan-based compounds, turmeric, and similar
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substances [4]. By covalently bonding the antibacterial agent to polymer surfaces, it is feasi-
ble to achieve an enduring effect, which leads to self-sterilized materials that may protect
themselves from pathogens and contribute to the eradication of harmful microbes [75].

4.1. Biodegradable Green Gloves Containing Ascorbic Acid from Maleate Epoxidized Natural
Rubber/Poly(vinyl Alcohol) Blend

Poly(vinyl alcohol) (PVA) is a biodegradable polymer that has been used as precursor
material for the production of decomposable gloves, as it is non-toxic, physically and
chemically resistant, and economically viable. Previous research has reported the improve-
ment of biodegradability when PVA is combined with NR [76]. Ascorbic acid (L-ascorbic
acid), also identified as vitamin C, has been shown in numerous studies to have antibacte-
rial properties. It has been demonstrated that it inhibits the growth of Helicobacter pylori,
Campylobacter jejuni [77], Staphylococcus aureus, Enterococcus faecalis [78], and Mycobacterium
tuberculosis [79]. In vitro studies have demonstrated that L-ascorbic acid can improve the
action of antibiotics like azithromycin [80] and levofloxacin [81,82].

Riyajan et al. studied maleate epoxidized natural rubber (MENR) and PVA (MENR/PVA)
blends for producing a biodegradable glove with ascorbic acid (AA) encapsulated, repre-
sented in Figure 8. To produce MENR, under a nitrogen atmosphere and intensive stirring,
20 wt% NR latex was combined with 10% non-ionic surfactant. Then, formic acid and water
were added to the previous mixture, which was held at 30 ◦C for 15 min. The temperature
was increased to 70 ◦C and the reaction was completed after 5 h of stirring. Maleic anhy-
dride (MA) in the presence of 10% Triton X-100 was then added to the resultant epoxidized
natural rubber (ENR) latex at 80 ◦C and agitated for 3 h. The mixture was agitated for
15 min at 70 ◦C, after the addition of the free radical initiator potassium persulfate [83].
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Figure 8. MENR/PVA blend glove with encapsulated AA. Graphic prepared by the authors based
on reference information [83].

To prepare the MENR/PVA blends for the gloves, a 10 wt% PVA aqueous solution
was combined, at 78 ◦C, with various MENR concentrations of 10, 20, 30, and 40% using
magnetic agitation. Then, on glass plates, 80 g of the MENR/PVA blends was dehydrated
at 30 ◦C for 3 days. The biodegradation of this material was examined by monitoring the
weight loss of samples with different proportions of PVA and MENR in the blend. Samples
of PVA alone and with MENR contents of 10, 20, 30, and 40% blended with the PVA
were evaluated. The samples were weighed and then buried in soil, irrigated daily with
water to maintain its moisture content, at ambient temperature. PVA alone exhibited the
greatest biodegradation, due to the existence of hydroxyl groups in this compound. After
10 days buried in the soil, 50% of the PVA’s weight had been lost, and after 40 days, it had
decomposed completely. The biodegradation rate of the samples is reduced as the MENR
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proportion in the sample is increased, because crosslinking takes place. Nevertheless,
all the blends decomposed properly in the natural environment through water-induced
hydrolysis and enzymatic breakdown. After 90 days, at the end of the experiment, the
samples containing 10 and 20% of MENR almost had a weight loss of 100%, and the samples
with 30 and 40% of MENR lost around 75 and 60% of their weight, respectively [83].

The encapsulation of AA in a 40/60 MENR/PVA blend was explored in order to
impart antibacterial activity to gloves. The encapsulation efficiency (EE) was 100, 99, 98.5,
and 96%, respectively, for 0.5, 1, 2, and 3 wt% AA. The cumulative in vitro release of AA
from the MENR/PVA blend films can be described as two distinct stages based on these
data. The first 12 h are characterized by a burst release phase in which about 25, 33, 38, and
43% of the total AA was released from the MENR/PVA blends with 0.5, 1, 2, and 3 wt%
AA, respectively. During this phase, AA was released via diffusion through the walls
of the MENR/PVA blend. Up to 70 days, the release process is characterized by a more
progressive release, accounting for approximately 100, 90, 75, and 64% of the total for 3, 2,
1, and 0.5 wt% AA, respectively. The initial burst release is caused by the leaching of AA
near the capsule walls. As there is no polymer coating, the rate of matrix dissolution is
quite rapid, and AA adjacent to the wall could promptly diffuse away [83].

It has been established that gloves manufactured with an MENR/PVA blend con-
taining antimicrobial agent effectively prevent microbial transmission. Controlled and
optimized release of AA from the MENR/PVA blend could play a significant role in the
development of a medical glove [83].

4.2. NR Films/Gloves and Carboxylated-NBR (XNBR) Films Containing Sago Starch as Bio-Filler

The creation of effective bio-based products would aid in the prevention of environ-
mental degradation. NR can be utilized as a matrix material in composite applications,
where it is supplemented with bio-fillers to improve thermo-mechanical and barrier prop-
erties. In NR gloves, efforts to substitute ordinary calcium carbonate with bio-fillers such
as polysaccharides, eggshell, and chitosan are frequently considered [36]. The advantages
of employing bio-fillers over synthetic fillers are their renewability, abundance, and low
cost; the negatives are comparatively weaker mechanical qualities. Because cellulose,
chitin, and starch are hydrophilic, they are less compatible with the NR matrix. Achieving
a homogenous filler–NR matrix mixing is difficult due to the different structural features
of the components. Fillers with small particle size enhance the physical interaction with
the matrix. Hence, the mechanical resistance, thermal stability, sorption, crystallinity, and
biodegradability of the bio-fillers can be improved as result of their smaller size. On the
other hand, the presence of hydroxyl groups in bio-fillers may result in low compatibility
with NR [84].

A chemical treatment of the bio-filler can reduce the hydroxyl group content to im-
prove compatibility, resulting in composites with higher strength and crystallinity. Further
research is required to investigate the primary obstacles: inadequate hardness, moisture
absorption, and suitability for outdoor and heavy-duty uses [85]. It is known that some
bacteria and fungi are capable of degrading NR, despite the lengthy nature of the pro-
cess [86]. The addition of polysaccharides to the NR system serves to enhance the action of
microorganisms, facilitating degradation via enzymatic polysaccharide rupture and oxida-
tion of the rubber backbone chain [87]. The polysaccharides are particularly favorable for
the biodegradation process since they can be used as sustenance for microorganisms, hence
promoting their proliferation and degradative action [36]. Starch is a typical polysaccharide
used in biodegradable rubber films. It is made up of 70–80% amylopectin and 20–30%
amylose [88].

Amylose content is a key criterion for its usage as a biodegradable material since
it may provide nutrients to microorganisms, allowing them to begin the biodegradation
activity [34]. When compared to other forms of starches, sago palm (Metroxylon sagu) starch
has a greater amylose concentration (27%). To reach the required qualities of rubber films,
starch must undergo a physical or chemical transformation. Acid hydrolysis may be used
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to chemically modify native sago starch (NSS) by inducing the creation of sulphate ester
groups on the starch surface, which increases the interaction between the rubber matrix
and the starch [89].

Daud et al. designed an experiment with sago starch to improve the biodegradability
of NR and XNBR films. Sago starch with sulphate ester groups (AHSS) was obtained by
treating NSS with aqueous sulfuric acid solution for 7 days at room temperature. The
particle size of NSS was initially 1.233 µm, and it was lowered to 0.313 µm after the acid
hydrolysis process. SEM micrographs of the NSS and AHSS are shown in Figure 9(a1)
and Figure 9(a2), respectively. The surface of the AHSS particles is more porous, more
rugged, and largely eroded than that of the NSS particles. In order to make an adequate
comparison, unfilled NR, NSS-filled NR, AHSS-filled NR, unfilled XNBR, NSS-filled XNBR,
and AHSS-filled XNBR films were prepared. To prepare the films, NR latex was mixed with
compounding ingredients (with or without filler, depending on the case) and mechanically
stirred for 1 h to obtain the NR compounded latex, which was then matured for 24 h at
room temperature prior to the dipping process. For the prevulcanization procedure, the
NR compounded latex was then heated to 80 ◦C and continuously stirred. XNBR latex
was compounded similarly to NR latex, with the difference that the maturation period
was 48 h. Prior to the dipping procedure, the prevulcanized compounded latexes were
stirred for 15 min. Clean aluminum plates were dipped for 10 s in a coagulant bath, dried
for 5 min, and left to cool at room temperature for 5 min before being dipped for 10 s in
a latex dipping tank and cured at 100 ◦C. NR and XNBR were cured for 10 and 90 min,
respectively [34].
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Figure 9. SEM images of (a1) NSS and (a2) AHSS. The red circle shows the porous surface of the
starch particle after acid hydrolysis (b) Mass loss of NR and XNBR films (control, NSS-filled, and
AHSS-filled) after 3 weeks. Reprinted and adapted with permission from reference [34]. Copyright ©
2019 Elsevier.

Regarding mechanical behavior, in both cases, NR and XNBR unfilled films have the
best properties. The poor interfacial bond between the hydrophilic sago starch and the
hydrophobic rubbers resulted in a decrease in the tensile properties of films when NSS
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was added. Incorporating AHSS into the films improved the mechanical properties and
swelling resistance of NR and XNBR compared to NSS. This distinction may be attributed
to the superior compatibility of AHSS in NR and XNBR films compared to NSS in these
same films. The low amorphous content, reduced particle size, and existence of sulphate
ester groups contribute to the increased rubber–filler interaction between AHSS and the
rubber matrix [34].

Figure 9b shows the mass loss of unfilled, NSS-filled, and AHSS-filled NR and XNBR
films after 3 weeks of soil burial. The percentage of mass loss was highest for AHSS-filled
NR films, followed by NSS and unfilled NR films [34].

The mass loss tendency of NR films is comparable to that of XNBR films. Both the
unfilled NR and XNBR films experienced a lower mass loss. Compound additives, such
as sulfur, are reported to inhibit the rate of biodegradation of rubber films. Incorporating
sago starch, however, would encourage soil microorganisms to consume this bio-filler and
secrete enzymes that can degrade rubber molecular chains [36]. The AHSS-filled NR and
XNBR films showed significant mass loss. This could be accredited to the decrease in the
amorphous section after acid hydrolysis of sago starch, which makes rubber and glycosidic
chains more susceptible to attack by microorganisms [34].

Rahman et al. studied the degradation of gloves made from NR with sago starch as
bio-filler from buried soil samples by a mixed culture containing starch-degrading bacteria
as well as NR-degrading bacteria. The aim of the starch hydrolysis test was to confirm
the presence of starch-degrading bacteria in the mixed culture. In this test, the evaluated
bacteria were grown on agar plates containing starch. After incubation, an iodine indicator
was added to the plates. Hence, when a few drops of potassium iodide solution were
applied to the sample, the surface of the plate became blue-black because the reaction
between starch and iodine produces polyiodide chains. The amylose in starch forms helices
around which the iodine molecules are clustered. This blue-black color does not occur
when starch is broken down or hydrolyzed into smaller carbohydrate units. Therefore,
transparent, clear zones were formed next to the colonies that hydrolyze starch, while the
other parts of the plate remained colored [90].

Figure 10 shows a clear zone in the iodine test on an agar plate that proved the starch
hydrolyzation. Based on the biodegradation rate data, the presence of starch-degrading
microorganisms as well as rubber-degrading bacteria was detected, which accelerated the
biodegradation of sago-filled NR gloves by 53.68%, while the biodegradation rate for NR
gloves (without filler) was lower, at around 50.31% [35].
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Figure 10. Starch hydrolysis test of the mixture culture. The blue and the orange arrows show the
areas where the starch remains unchanged and where it has been hydrolyzed to glucose by microbial
action, respectively. Reprinted and adapted with permission under a Creative Commons license
(CC BY 3.0) from reference [35].
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4.3. Mangosteen Peel as Antimicrobial Agent in NR Gloves

Xanthones are secondary metabolites found in plants, fungi, and lichens. They have
been isolated in the pericarp area of the mangosteen, a typical fruit of the tropics. Xan-
thones have potent antioxidant, anticancer, anti-inflammatory, anti-allergic, antibacterial,
antifungal, and antiviral properties [91]. In fact, the peel of mangosteen is a kind of hy-
drophobic biomaterial that can be used in medical care, cleaning products, skin care, and
cosmetics. It can inhibit exposed cells such as S. aureus, S. albus, and M. luteus, as well as
plant pathogenic fungus like F. oxysporum f. sp. vasinfectum, A. tenuis, and D. oryzae. It is
also effective against P. acnes and S. epidermidis and can be used as an alternate therapy
against acne. Furthermore, due to proven good properties, it can suppress cancer cells and
has potential for both preventative and therapeutic purposes [92].

Moopayak and Tangboriboon used mangosteen peel as a bio-filler to produce NR
medical gloves. The addition of mangosteen peel powder to NR formulation as a bio-filler
can improve the antimicrobial properties of the gloves without sacrificing the softness, film
thickness, and mechanical characteristics [93].

NR gloves with mangosteen peel powder have been obtained with good appearance,
smooth, transparent, and thin, with good elongation, good tensile strength, no water
leakage, and no skin toxicity. Comparing NR gloves with and without mangosteen peel,
it was detected that the mechanical properties with the addition of the bio-filler were not
only preserved, but slightly improved. The microstructure of the mangosteen peel used is
presented Figure 11 [93].
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Figure 11. SEM (a1,a2) and FESEM (b1–b4) micrographs of mangosteen peel. The main physical prop-
erties of mangosteen peel powder are summarized below. Reprinted and adapted with permission
from reference [93]. Copyright © 2020 John Wiley and Sons.

To prepare the NR gloves, a porcelain hand mold, concentrated NR latex, and com-
pounding chemicals were used. The mold was washed, dried, and dipped for 3 s in
coagulant. The coagulant-coated hand mold was then dipped into the NR for 15 s and
dried at room temperature for 2–3 min. The NR compounded latex film was then cured
for 30 min at 120 ◦C, allowed to dry, and demolded. The toxicity of gloves containing
mangosteen peel was lower than that of gloves containing silver nitrate, which can impact
human skin and should be used in the appropriate ratio to prevent microbial infections.
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E. coli, B. subtilis, S. aureus, and P. aeruginosa were shown to be inhibited by mangosteen
peel concentrations between 80 and 100 g/mL [93].

4.4. NR Films with Cellulose Nanocrystals as Reinforcing and Crosslinking Agent for Application
in Gloves

Because of their elevated rigidity and reinforcing capacity, cellulose nanocrystals
(CNCs) are a promising bio-filler. Typically, CNCs are obtained from renewable resources
through acid hydrolysis, as is shown in Figure 12a [94–96]. CNCs are normally dispersed
in NR latex without modification due to their great dispersibility in aqueous media, which
is a result of their high content of hydroxyl groups [97]. However, it has been demonstrated
that modifying the surface of CNCs enhances their reinforcement effect on NR. As a result
of the hydrophobic–hydrophobic interaction between modified CNCs and NR, the tensile
strength and the elongation at break increased significantly compared to unmodified CNCs.
To ensure compatibility with the rubber while preserving the dispersion of CNCs aqueous
media, it is crucial to strike a balance in the degree of modification of the CNCs [98].
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Figure 12. (a) Depolymerization of cellulose to nanocellulose (reprinted with permission under
a Creative Commons license (CC BY 3.0) from reference [96]). (b) Illustration of the formation of
a Zn–cellulose complex with CNC in the cross-linked NR matrix [99]. (c) Illustration of the proposed
permeation mechanism through NR and NR–CNC nanocomposites and THF. (b,c) Reprinted and
adapted with permission from reference [99]. Copyright © 2020 American Chemical Society.

Blanchard et al. studied the influence of CNCs on the reinforcing, crosslinking, and
solvent barrier characteristics of lightly crosslinked NR films [99]. In nonpolar matrices, it
is difficult to efficiently disperse CNCs due to their extensive surface area and their trend
to form aggregates bonded together by hydrogen bonds. Therefore, for proper dispersion,
it was necessary to prepare an aqueous colloidal suspension of CNCs [100].

As an initial step for experimentation, NR composite latex was prepared by predis-
persing the compound chemicals, including ZnO and sulfur, in water. This predispersion
mixture was subsequently incorporated into NR formulations [99].

For NR-CNC films, CNCs were incorporated at concentrations of 0 (NR control), 0.5,
1.5, 3, and 5 phr. Dipping films were produced using glass substrates that were dipped in
a coagulant solution for 10 s and then dried at 65 ◦C for 20 min. The substrate was then
dipped for 40 s in the NR formulations and cured at 100 ◦C for 1 h. The cured films were
then peeled off from the glass substrates and cured for an additional hour. The dynamic and
tensile mechanical properties of these dipping films were analyzed. Increased crosslinking
resulted in significant improvements in both tensile strength and modulus compared to
the base NR control. The force required to break the films increased as film thickness
decreased [99].
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To prepare cast films, latex formulations containing 40 wt % total solids were cast
on glass substrates to obtain dried NR films of 12 mm in thickness. The films were then
cured at 100 ◦C for 1 h, peeled off, and post-cured for 1 h. The cast films were used to
evaluate the impact of CNCs on morphology, crosslinking density, and barrier properties.
The addition of CNCs resulted in an increase in the crosslinking density of the NR films.
This was presumably attributed to increased dispersion of the crosslinking activator ZnO
due to the development of a Zn–cellulose complex, with the CNCs acting as a dispersant
(Figure 12b) [99].

The nanocomposite thin films had low permeability to nonpolar solvent vapors, such
as tetrahydrofuran (THF), but high permeability to water vapor, as shown in Figure 12c.
This ability of the material to reach or surpass NR strength at lower film thicknesses may
allow for thinner gloves and for hand perspiration to pass through while functioning as a
barrier to solvents. It may also lead to cost savings by reducing the use of NR. The findings
of this investigation indicate that NR composite films produced using NR/CNCs have
considerable potential for application as gloves [99].

4.5. NR and NBR Gloves Coated with Gardine Solution

Gardine solution is an innovative antiseptic dye with broad-spectrum antibacterial
effects prepared by combining brilliant green with chlorhexidine. Brilliant green and
chlorhexidine, when used independently, have been shown to have low antimicrobial
efficacy, but when combined, they have a synergistic effect with significantly improved
efficacy. Chlorhexidine is a non-toxic chemical widely used in low concentrations in
mouthwash solutions along with other antiseptics [4]. Historically, brilliant green has
been used as a topical anti-infective for skin lesions and is currently used in combination
with gentian violet and proflavine hemisulfate in neonatal nurseries as a broad-spectrum
antiseptic solution [101].

In the study conducted by Reitzel et al., NR and NBR gloves were impregnated
with Gardine solution to create antimicrobial coating. The results indicated that Gardine-
coated NR and NBR gloves were highly effective in reducing pathogenic contamination
in the short term and long term. For the short-term exposure test, 1 cm2 segments of NR
and NBR coated and uncoated control gloves were exposed to 1.5 × 108 colony-forming
units (cfu)/mL of methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant
enterococci, multidrug-resistant (MDR) E. coli, MDR Acinetobacter baumannii, and Candida
albicans. The segments were dried for 30 s, 10 min, 30 min, and 1 h, and then distributed
on agar plates, which were incubated overnight at 37 ◦C, and growth was measured. All
microorganisms tested were significantly reduced within 30 s and completely eliminated
within 1 h when exposed to Gardine-coated NR gloves. Figure 13(a1) shows the complete
kill within 30 s for E coli and Figure 13(a2) for MRSA [101].

For the long-term exposure test, MRSA and E coli were employed because they are
biofilm-forming microorganisms typically found in hospital environments. Figure 13b
shows that the average number of MRSA and E. coli colonies adhered to the surface of
Gardine-coated gloves was significantly lower than that of control gloves. After 24 h, the
adhesion of MRSA and E. coli to the surface of Gardine-coated NR gloves decreased by at
least 95%. On the surface of Gardine-coated NBR gloves, there was an 80% reduction in
MRSA and a 100% reduction (total kill) in E coli [101].

These coated gloves represent an alternative means of preventing the spread of inva-
sive microbial pathogens. In terms of final cost, the Gardine impregnation process would
be carried out during the manufacture of the gloves, reducing the costs associated with a
separate additional manufacturing process. In addition, Gardine solution is made up of
low-cost components. These antimicrobial gloves would be cost-effective based on material
and production time estimates [101].
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Figure 13. (a1) Brief exposure test of Gardine-coated gloves. (a2) Long-term exposure. (b) Mean
colony counts recorded for all coated glove types after 24 h exposure to MRSA or E. coli. Reprinted
and adapted with permission from reference [101]. Copyright © 2009 Elsevier.

4.6. NBR Gloves Coated with Poly(hexamethylene Biguanide) Hydrochloride

Poly(hexamethylene biguanide) hydrochloride (PHMB) is a positively charged poly-
mer with antibacterial and antiviral activity [102]. It is effective against a wide range of
pathogenic microorganisms, including Gram-negative bacteria, Gram-positive bacteria,
and fungi [103]. Due to its strong and nonspecific interaction with negatively charged
phospholipids in the cellular membranes of microorganisms, PHMB possesses a broad
antibacterial spectrum [102]. PHMB has been utilized for decades with no reports of bac-
terial resistance [104]. It has been demonstrated to pose a minimal risk of skin sensitivity
and a low toxicity risk to humans in general [102]. Moreover, PHMB has disinfectant and
antiseptic properties [104], which makes it suitable for house cleaning, water sanitization,
hygiene products, and wound treatment [103].

Leitgeb et al. conducted an in vitro examination of the antibacterial efficacy of a new
non-sterile NBR medical glove coated with PHMB on its outer surface provided for Ansell
Ltd. These gloves are intended for use during patient examinations to avoid microorganism
cross-contamination across surfaces in healthcare environments. The study’s goal was to
evaluate the performance of NBR medical gloves, with and without antibacterial PHMB
coating on the outside surface, (Figure 14a) made from the same formulation [105].

For this investigation, the quantity of bacteria recovered from a stainless-steel coupon
after touching a pigskin substrate with both gloves was evaluated. Pigskin substrates
were contaminated with suspensions containing 1 × 109 colony-forming units of E. faecium
ATCC 51559, E. coli ATCC 25922, K. pneumoniae ATCC 4352, and S. aureus ATCC 33591.
After impregnating sections of pigskin with bacterial suspensions, swatches of coated and
uncoated (control) gloves were tightly pressed onto the inoculated pigskins. Immediately,
a sterile weight was placed on the glove swatch and left in place for 1 min; then, the sample
was placed in a sterile Petri plate with the exposed side facing up and left for 5 min at room
temperature. The contaminated side of the glove swatch was then positioned on a sterile
40 mm diameter stainless steel coupon. The weight was immediately placed onto the test
glove for 1 min. Separately, the contaminated pigskin, stainless steel coupon, and test glove
swatch were placed in buffer solution and carefully vortexed [105].
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Figure 14. (a) Schematic illustration of coating (illustration prepared by the authors based on reference
information [105]). (b) Pre- and post-exposure populations of challenge microorganisms following
transfer procedures. Adapted with permission under a Creative Commons license (CC BY) from
reference [105]. Copyright © 2013 Elsevier.

Bacterial extractions were carried out on the pigskin substrate, stainless steel coupons,
and each glove swatch, and the difference between the coated and uncoated control gloves
was analyzed (Figure 14b). In comparison to the non-coated control glove, the coated glove
reduced E. faecium recovery by 4.63 log cfu, E. coli recovery by 5.48 log cfu, K. pneumoniae
recovery by 5.03 log cfu, and S. aureus recovery by 5.72 log cfu. According to these findings,
the use of antibacterial medical gloves may be an innovative method for preventing or
limiting cross-contamination and, consequently, the indirect spread of infections in intensive
care unit (ICU) settings [105].

4.7. NR Antimicrobial Three-Layer Glove

In some instances, external coating is not suggested for surgical gloves since it might
create undesired side effects. There is a possibility of transferring the coating to the patient’s
tissues, cells, and organs during surgery. For these reasons, a three-layer glove is a good
alternative for invasive procedures.

The three-layer antimicrobial coating method, used in surgical gloves, inserts antimi-
crobial chemicals between NR films. It is possible by triple-dipping the glove mold in NR
compounded latex and antimicrobial solutions during the manufacturing process. Triclosan,
nanocomposites, metal ion-based antimicrobial agents, vegetable oil surfactants, antiseptic
dyes, chlorhexidine, gluconate, dodecyl dimethyl ammonium chloride salt, benzalkonium
chloride, and similar antimicrobial agents might be incorporated in this manner [39].

Daeschlein et al. created a prototype of a new NR three-layer antibacterial surgical
glove. Figure 15a shows a microscopic cross-sectional view of a droplet-like mixture of
antimicrobial agents (chlorhexidine and quaternary ammonium salts) in the intermediate
layer, while Figure 15b is a representation of the inner (I) and outer (O) surfaces adjacent
to the rubber border layers. The antimicrobial agent is released from the interlayer upon
penetration of the glove, resulting in deposition of the active antimicrobial agent at the
site of damage or puncture. Because the antimicrobial agent droplets are trapped between
two NR boundary layers, there is no continuous exposure of the material to the skin
surface in the absence of lesions, hence lowering the possibility of sensitivity from extended
contact [106].
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Figure 15. Three-layer NR glove with antimicrobial agent. (a) Cross-section micrograph. (b) Three-
layer scheme. Reprinted with permission from reference [106]. Copyright © 2011 Elsevier.

4.8. NBR Antimicrobial Gloves Coated with Electrospun Trimethylated Chitosan (TMCh)-Loaded
(PVA) Fibers

Usually, antimicrobial agents have been added to gloves through coatings. But after
this treatment, the surface of the gloves tends to become smoother, and they tend to slip
more when they are used. Thus, alternative coatings that make the surface of the glove
rougher are needed. Ultrafine fibers, loaded with antibacterial agents, are one of the
materials that solve this problem. Electrospinning is the method most often used to make
these fibers because it provides the opportunity to conveniently control the fiber dimensions.
This approach essentially utilizes an electric field to draw a polymer strand [107].

Chitosan is a highly biocompatible antibacterial agent composed of β-(1→4)-D-glucosamine
and y β-(1→4)-N-acetyl D-glucosamine units. Water-soluble chitosan derivatives such
quaternized chitosan (QCh) and alkylated chitosan like trimethylated chitosan (TMCh) are
alternatives to chitosan alone (usually only soluble in acidic media) for use as antibacterial
agents in neutral pH conditions [107]. The presence of lipoteichoic acids, a significant
component of the cell wall of Gram-positive bacteria, and lipopolysaccharide, of the
outer membrane of Gram-negative bacteria, which provide a linkage for polycationic
TMCh and disrupt the membrane functions, may explain the antibacterial capabilities of
TMCh [108]. Normally, lipopolysaccharide and proteins are kept together by electrostatic
interactions with divalent cations, which are essential for the outer membrane stability.
Polycations compete with divalent metals such as Mg2+ and Ca2+ ions in the cell wall,
hence compromising the cell wall integrity [109].

Vongsetskul et al. effectively coated NBR gloves with ultrathin electrospun PVA fibers
loaded with TMCh. Using water as a solvent, solutions containing 4% w/v of TMCh mixed
with 8% w/v of PVA and 2% w/v of TMCh mixed with 10% w/v of PVA were prepared.
These solutions were subjected to the electrospinning process using a feed rate of the
solutions of approximately 0.5 mL/h [107].

Different electrical voltage values were used (12, 14, 16, 18, and 20 kV) to analyze its
effect on the morphological appearance of the produced fibers. As the applied voltage
increased from 12 to 16 kV, the fibers became smoother and smaller. SEM studies revealed
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that the optimal conditions to produce uniform fibers (101 to 133 nm of diameter) were a
voltage of 16 kV and solution of 4% w/v TMCh-8% w/v PVA [107].

For the surface roughness and wettability study, film-coated NBR gloves were pre-
pared by dipping in a 4% w/v TMCh-8% w/v PVA solution and drying at room temperature.
The surface roughness was increased from 429 to 511 µm2 by coating electrospun fibers on
the glove. The contact angle measurements of the NBR glove surface, TMCh-PVA film on
the NBR glove surface, and TMCh-PVA electrospun fibers on the NBR glove surface were
80.1◦ ± 1.2◦, 59.3◦ ± 8.9◦, and 37.1◦ ± 2.7◦, respectively. These values indicate that the
hydrophilicity of the gloves increased when coated with TMCh-PVA films or TMCh-PVA
fibers [107].

To evaluate the antimicrobial activity of the fiber-coated gloves, the agar plate method
was used. E. coli, P. aeruginosa, A. baumannii, and C. albicans were tested. In the results of
antimicrobial testing, a zone of growth inhibition against the tested microbes by the TMCh-
PVA fiber-coated NBR gloves was observed, whereas no antimicrobial activity was observed
for the PVA fiber-coated ones. In conclusion, NBR gloves coated with these TMCh)-loaded
(PVA) fibers exhibited antibacterial properties against Gram-negative bacteria, including
E. coli, P. aeruginosa, and A. baumannii, as well as yeast Candida albicans. Likewise, this
coating on the external surface of the glove improved roughness and wettability, which
would be advantageous for gripping and practical applications [107].

4.9. Antibacterial NR Films with Surface-Anchored QP4-VP for Application in Medical Gloves

Quaternary ammonium compounds (QACs) are cationic active biocides, which, in
addition to their antibacterial action, are ideal for cleaning and deodorizing [4]. The
mechanism of action of QACs against bacterial and viral phospholipid membranes is
depicted in Figure 16a, where the red spheres represent positively charged nitrogen atoms.
When bacteria encounter cationic ammonium agents, several processes take place: first,
QACs connect to and insert themselves into the cell wall; then, they interact with the
cytoplasmic membrane, releasing cytoplasmic material outside the membrane; and finally,
they cause the cell wall to disintegrate via autolytic enzymes. In general, the loss and
destruction of various sections of the bacteria results in their inactivation [4,110].
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In the work of Arakkal et al., NR films were converted into an effective antibacterial
material (Figure 16b) through surface conjugation of quaternized poly(4-vinylpyridine)
(QP4-VP) via an amide linkage bond using chloroacetic acid. The antibacterial action of
poly(4-vinylpyridine) has been extensively examined and explored in ion exchange resins,
but its low biocompatibility prevents its widespread application in biomedicine. However,
it has also been shown that with the right choice of space groups and copolymerization, the
hemolytic activities of the polyelectrolyte can be inhibited while maintaining antibacterial
activity [111].

To evaluate the antimicrobial activity and stability of the NR films coated with
a QP4-VP-conjugated surface layer, they were subjected to a leaching process in milli-Q
water at 50 ◦C for 4 days. Subsequently, coated NR and leached coated NR films were
exposed to P. aeruginosa and A. baumannii strains [111].

The results indicated that the microbial load of P. aeruginosa was reduced by 93.25%
and 99.98% with the coated NR films and leached coated NR films, respectively. Similarly,
the reduction in A. baumannii was 32.41% and 99.99%. The improved bacterial reduction
rate confirmed that the leaching process at elevated temperatures allows the disoriented
QP4-VP chains to organize efficiently, resulting in a higher conjugation density. This
conjugation method could be used to develop similar antibacterial surfaces for various
applications, such as medical gloves [111].

4.10. NR, NBR, and PE Medical Gloves with Blood-Repellent, Antibacterial, and Wound Healing
Properties, Modified through Spraying Process

Medical blood-repellent gloves (MBRGs) were proposed by Zhuo et al., by means
of treating the surface of conventional NR, NBR, and PE medical gloves with a novel
procedure to achieve blood repellency and promote wound healing. This treatment was
executed with a mist spray (MS), which was elaborated by mixing sodium citrate (SC),
didecyldimethylammonium chloride (DDAC), and a silicon oil emulsion (SOE) containing
aminoethylaminopropyl polydimethylsiloxane (AEAPS). It was intended that SC would
combine with blood calcium ions to inhibit blood coagulation and glove adhesion, that
AEAPS would be responsible for the hemophobicity and hydrophobicity of the treated
gloves, and that DDAC, being a quaternary ammonium compound, would endow the
gloves with antibacterial properties [112].

MBRGs were created by spraying MS onto the surface of commercial NR, NBR, or PE
medical gloves and waiting for one minute. Experiments in vitro and in vivo demonstrated
that these gloves are hemophobic and facilitate the healing of infected wounds. The
antibacterial efficiency of MBRGs was tested against known bacteria strains. In vitro
antimicrobial testing was performed with MS concentrations of 800, 400, 200, 100, and
50 g/mL. A solution of S. aureus or E. coli was added to each MS concentration and
incubated first in tubes and then on agar plates. Phosphate-buffered saline (PBS) was used
instead of MS in the control group. After 24 h, the antibacterial efficacy was assessed. MS
showed outstanding activity against S. aureus, with an antibacterial rate close to 100% at a
concentration of 50 µg/mL. In the case of E. coli, the antibacterial effect was close to 100%
when the concentration was 200 µg/mL. The antibacterial activity of MS was also verified
through the live/dead viability assay. In this study, S. aureus and E. coli were treated with
MS. After treatment with MS, red fluorescence (dead bacteria) was clearly visible, whereas
blue fluorescence (living bacteria) was nearly non-existent [112].

4.11. NR Gloves with SiO2 and ZnO Hybrid Nanofillers

Silicon dioxide (SiO2) or silica is a well-known reinforcing filler in the rubber industry
and is commonly used to improve the physical and mechanical properties of NR [113]. To
achieve the desired result of reinforcement, conventional silica fillers must be applied in
high quantities. Studies have shown, however, that when the size of SiO2 particles reaches
the nanometer range, the nanoparticles can not only drastically reduce the filler content,
but also provide superior reinforcement effects [114].
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Zinc oxide (ZnO) is an n-type semiconducting particle with catalytic, electrical, and
optical properties. This material has a broad UV absorption spectrum, good photostability,
thermal stability, and biocompatibility. Due to the nano-size effect, ZnO has photocatalytic
antibacterial properties when its size reaches the nanoscale. When ZnO is exposed to UV
light, the photon energy is higher than the bandgap energy, which causes the valence band
electrons to gain energy and migrate. As a result, many electron–hole pairs are generated
on the nano-ZnO surface [115].

The holes (h+) created on the surface of nano-ZnO generate reactive oxygen species
(ROS) when they combine with water or oxygen from the air. These oxidative species
adsorb onto the surface of the nanoparticles. Some studies have determined that the
interaction between ROS and cells is the key antibacterial mechanism of nano-ZnO [115].
There are indications that antibacterial activity can be initiated not only by UV rays, but
also by ambient light [116]. Furthermore, when microorganisms come into contact with
nano-ZnO, the released Zn2+ and the sharp edges of ZnO nanoparticles can rupture their
cell walls [117].

Mou et al. investigated the combination of the exceptional functional capabilities of
nano-SiO2 and nano-ZnO as fillers of NR to create medical gloves. The ZnO and SiO2
nanoparticles used had an average particle size of about 78 nm and 65 nm, respectively.
To evenly distribute the fillers in a composite nano-dispersion, the researchers created a
high-speed and high-pressure nano-disperser. To obtain experimental glove samples using
the dipping method, NR latex, composite nano-dispersion, and compounding chemicals
were thoroughly combined. Initially, the cleaned and dried mold was dipped for 5 s into
the previous mixture, then dried at 85 ◦C for 20 min, and then leached in water at 75 ◦C for
30 s. After hemming, the gloves were dried at 120 ◦C for 40 min. Finally, after demolding,
they were placed in a drum drier and vulcanized at 120 ◦C for 20 min [114].

The results indicated that the uniform dispersion of nano-SiO2 filler enhanced the
amount of molecular chain entanglements in the NR, as depicted in Figure 17(a1,a2),
making the material structure more compact and improving the barrier performance and
aging resistance. The combination NR fillers with 1 phr of ZnO and 4.2 phr of SiO2 reported
the highest tensile strength of 32.6 MPa and elongation at break of 957% in mechanical
properties tests. These results represented an interesting improvement in tensile strength
and elongation at break compared to the unfilled NR sample, whose values were 27.8 MPa
and 880%, respectively. Figure 17(b1,b2) shows scanning electron microscopy images at
different magnifications. In addition, the elemental distribution of the LZ1S4.2 sample is
presented in Figure 17(b3,b4) [114].
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Strains of E. coli and S. aureus were chosen for antibacterial testing. The findings of the
antibacterial activity of NR gloves are described in Table 5. The quantity of bacteria on the
blank immediately after inoculation is given by U0, whereas the quantity of bacteria on the
blank and on the antibacterial sample after 24 h of incubation are Ut and At, respectively.
The antibacterial activity R is equivalent to log Ut - log At. A value of R greater than 2 shows
that the antimicrobial test is passed. After 24 h of culture, nano-ZnO-treated samples had
virtually no bacteria. The R values for E. coli and S. aureus were more than 99.9% and greater
than 5.2, respectively. Furthermore, the NR gloves containing hybrid nanofillers remained
biocompatible. Therefore, this NR/ZnO/SiO2 nanocomposite may have applications in the
development of other NR products [114].

Table 5. Antibacterial test results of gloves [114].

Microorganisms
Tested U0 (cfu/cm2) Ut (cfu/cm2) At (cfu/cm2) R Antibacterial

Rate (%)

E. coli 2.1 × 104 2.9 × 105 <0.6 >5.3 >99.9

S. aureus 2.1 × 104 2.3 × 105 <0.6 >5.2 >99.9

4.12. NR Antimicrobial Gloves Impregnated with Biosynthesized Silver Nanoparticles

Ionic silver (Ag+) has long been recognized as an antibacterial metallic element capable
of acting against bacteria such as E. coli [4,118]. To take advantage of silver ion activity,
silver nitrate (AgNO3), a solid powder with antiseptic qualities, is frequently utilized.
It can be applied as a surface coating on various items to eliminate viral and bacterial
cells [93]. The specific mechanism of silver antibacterial activity has not yet been fully
understood. Among the variety of approaches, the main three of several pathways that
determine the antibacterial activity of silver nanoparticles are the following: (1) irreversible
bacterial cell membrane damage caused by direct contact; (2) production of reactive oxygen
species (ROS); and (3) interaction with DNA and proteins [119]. Nanoparticle size plays
an important role in antibacterial activity. It has been shown that the smaller the size of
the nanoparticle, the greater its ability to penetrate bacteria. The nanoparticles attach to
the bacterial cell wall, penetrate it, and cause damage and alterations in various metabolic
pathways. It affects DNA replication and protein synthesis; due to oxidative stress, ROS
generation occurs, which eventually leads to cell death [120].

Paosen et al. developed NR gloves coated with biosynthesized silver nanoparticles
(AgNPs). The biosynthesis of AgNPs was performed using extract of Eucalyptus citriodora
ethanolic leaf. NR gloves were cut into pieces, dipped into the AgNP solution, and dried.
The elemental analysis of the coated gloves revealed that 24.8% wt silver was firmly
adhered to the surface. Biofilms of S. aureus ATCC 25923, P. aeruginosa ATCC 27853, and
Candida albicans ATCC 90028 were expected to develop on glove samples during 24 h of
incubation [121].

Figure 18(a1–a6) shows the differences in the effect of staining microbial biofilms with
uncoated gloves and AgNP-coated gloves. The results revealed that AgNP-coated gloves
effectively removed S. aureus biofilms. Images from fluorescence microscopy were stained
with a red fluorescent DNA-specific dye that only penetrates cells with damaged mem-
branes and dead bacteria. The pictures revealed that P. aeruginosa cells were significantly
less abundant and viable when cultured on AgNP-coated gloves compared to uncoated
gloves, suggesting that AgNPs killed and inhibited microbial adhesion [121].

Figure 18(b1–b4) shows the scanning electron micrographs taken to examine the
surface morphology of the bacterial adhesion by the mixed culture of P. aeruginosa, S. aureus,
and C. albicans after 24 h of incubation. At magnifications of 5000 and 10,000, microbial cells
on glove surfaces (indicated by red arrows) could be observed. Polymicrobial cells were
fixed and colonized in the untreated gloves, whereas microbial cells were observed in tiny
quantities on the coated surfaces. The viability of gloves coated with AgNPs was proven.
These gloves presented significant antimicrobial activity, particularly against multidrug-
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resistant bacteria, and may be suitable for preventing or minimizing cross-contamination
and indirect pathogen transmission in hospital settings [121].
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Figure 18. Fluorescence microscopy images of (a1,a4) S. aureus ATCC 25923, (a2,a5) P. aeruginosa
ATCC 27853, and (a3,a6) C. albicans ATCC 90028 biofilms incubated with (a1–a3) uncoated gloves
and (a4–a6) AgNP-coated gloves. Scanning electron microscopy (SEM) analysis. SEM micrograph
of polymicrobial anti biofilm activity of (b1,b2) uncoated gloves and (b3,b4) AgNP-coated gloves.
Reprinted with permission from reference [121]. Copyright © 2021 John Wiley and Sons.

4.13. NR Antimicrobial Gloves with Poly(dimethylsiloxane)-Copper Coating

Multiple studies have demonstrated that copper (Cu) possesses antimicrobial prop-
erties against E. coli, L. monocytogenes, C. difficile, yeasts, and viruses [122]. Cu-containing
surfaces have been found to reduce environmental microbial contamination [123]. Cu has
also been demonstrated to be a powerful antibacterial agent that can inhibit the growth of
antibiotic-resistant bacteria such as MRSA, EMRSA-1, and EMRSA-16 [124,125].

In the research of Tripathy et al., an antimicrobial coating consisting of poly(dimethylsil-
oxane) (PDMS) combined with copper hydroxide nanowires (PDMS Cu) was developed.
PDMS-Cu’s antibacterial properties have been demonstrated to reduce the viability of
a panel of multidrug-resistant clinical pathogens (E. coli, S. aureus (MRSA), and K. pneumoniae).
The PDMS-Cu surface exhibited superior activity as an antimicrobial film compared to
the control (a glass coverslip). The antibacterial effectiveness of the PDMS-Cu surface was
also evaluated in a patient room alongside controls (glass coverslips and PDMS substrates).
On this occasion, PDMS-Cu was found to have the lowest amount of attached bacterial
colonies compared to the controls [126].

In addition to the previous tests, it was established that coating a stethoscope di-
aphragm with a thin layer of PDMS-Cu could inhibit the transfer of infections from one
patient to another in a hospital setting. The possibility of coating commercially available
NR gloves with a thin layer of PDMS-Cu provides compelling evidence and an attractive
opportunity to introduce antibacterial gloves into hospitals to minimize the transmission
of nosocomial infections [126].

Figure 19a presents a schematic explanation of the antibacterial behavior of the PDMS-
Cu surface. Figure 19(b1,b2) shows bacterial colonies on chocolate agar plates after 2 and
4 h (respectively) of exposure to the environment in a patient room. Figure 19c shows the
confocal microscopy of E. coli biofilm on coverslip and PDMS-Cu surfaces after 5 days of
incubation in Luria broth (LB) culture media [126].
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5. Conclusions

The sustainability of medical glove production processes is essential to support the
three pillars of sustainability in the environmental, social, and financial sectors. In this sense,
the use of performance-enhancing materials such as biomaterials, bio-fillers, biodegradable
polymers, antimicrobial agents, etc. becomes a promising route to create new medical
gloves with improved properties.

The integration of antiseptic substances or drugs with antimicrobial properties repre-
sent a viable option against drug-resistant bacteria and cross-contamination of pathogenic
microorganisms and viruses. In this regard, ascorbic acid, biguanides, quaternary am-
monium compounds, chitosan derivates, chlorhexidine, and Gardine solution have been
successfully assayed. Furthermore, nanoparticles of metals, especially silver and copper, as
well as metallic oxides such as ZnO and CuO have been effectively employed.

The use of low-cost bio-fillers such as sago starch, mangosteen peel, and cellulose
nanocrystals can improve the biodegradability properties of gloves without sacrificing the
softness, film thickness, and mechanical characteristics.

When scaling the knowledge obtained in the laboratory to industry, it is important to
consider the ease of production and the profitability of the modifications. In this regard,
processes that incorporate performance-enhancing materials directly into rubber formu-
lations or that only require an extra dipping process may be the most attractive from an
economic point of view. In summary, the optimization of crucial manufacturing parameters
is necessary to obtain safe and high-quality gloves that meet regulatory criteria and are
attractive to consumers and investors.

Author Contributions: Conceptualization, M.J.L., L.J.d.V., J.P. and L.F.; formal analysis, M.J.L. and
L.F.; writing—original draft preparation, M.J.L.; writing—review and editing, M.J.L., J.P. and L.F. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Generalitat de Catalunya (Grant: 2021SGR-01042).



J. Funct. Biomater. 2023, 14, 349 30 of 34

Acknowledgments: M.J.L. acknowledges the Departament de Universitats i Recerca de la Generalitat
de Catalunya i del Fons Social Europeu for the financial support of an FI-UPC predoctoral grant (2022
FI_B 00709). M.J.L., L.J.d.V., J.P. and L.F. acknowledge the group eb-POLICOM/Polímers i Compòsits
Ecològics i Biodegradables, a research group of the Generalitat de Catalunya (Grant 2021 SGR 01042).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mazón, L.; Orriols, R.M. Sanitary Gloves Management. Adequate Protection-Effectiveness and Environmental Responsibility.

Rev. Asoc. Española Espec. Med. Trab. 2018, 27, 175–181.
2. Delves, P.J.; Martin, S.J.; Burton, D.R.; Roitt, I.M. Roitt’s Essential Immunology, 13th ed.; John Wiley and Sons: Hoboken, NJ, USA,

2017; ISBN 9781118415771.
3. Ford, C.; Park, L.J. How to Apply and Remove Gloves. Br. J. Nurs. 2019, 28, 26–28. [CrossRef]
4. Babadi, A.A.; Bagheri, S.; Hamid, S.B.A. Progress on Antimicrobial Surgical Gloves: A Review. Rubber Chem. Technol. 2016, 89,

117–125. [CrossRef]
5. Ellis, H. Surgical Gloves. J. Perioper. Pract. 2010, 20, 219–220. [CrossRef]
6. Ellis, H. Evolution of the Surgical Glove. J. Am. Coll. Surg. 2008, 207, 948–950. [CrossRef]
7. Carraher, C.E. Introduction to Polymer Chemistry, 4th ed.; CRC Press: Boca Raton, FL, USA, 2017; ISBN 978-1-4987-3761-6.
8. Ikeda, Y. Understanding Network Control by Vulcanization for Sulfur Cross-Linked Natural Rubber (NR). Chem. Manuf. Appl.

Nat. Rubber 2014, 2014, 119–134. [CrossRef]
9. Boyd, D.A. Sulfur and Its Role In Modern Materials Science. Angew. Chem. 2016, 128, 15486–15502. [CrossRef] [PubMed]
10. Hill, D.M. The Science and Technology of Latex Dipping, 1st ed.; Smithers Rapra: Shrewsbury, UK, 2018; ISBN 9781909030053.
11. von Manteuffel, W.Z. Rubber Gloves in the Practice of Surgery. Cent. Surg. 1897, 24, 553–556.
12. Palma, S. How the World’s Largest Maker of Rubber Gloves Is Coping with Covid|Financial Times. Available online: https:

//www.ft.com/content/359047c2-89fb-11ea-a109-483c62d17528 (accessed on 10 October 2022).
13. Kim Man, M.M. Glove Industry Spikes during Covid-19 Pandemic: A Case Study of Comfort Gloves Berhad (CGB). Int. Bus. Res.

2021, 14, 105. [CrossRef]
14. Ugalmugle, S.; Swain, R. Medical Gloves Market Size by Product, by Form, by Application, by Usage, by Sterility, by Distribution

Channel, by End-Use, COVID-19 Impact Analysis, Regional Outlook, Growth Potential, Price Trends, Competitive Market Share
& Forecast, 2021–2027. Available online: https://www.gminsights.com/industry-analysis/medical-gloves-market (accessed on 4
July 2022).

15. Grand View Research Disposable Gloves Market Size Report, 2022–2030. Available online: https://www.grandviewresearch.
com/industry-analysis/disposable-gloves-market (accessed on 9 March 2023).

16. Eurostat EU Trade since 2015 of COVID-19 Medical Supplies by Categories. Available online: https://appsso.eurostat.ec.europa.
eu/nui/submitViewTableAction.do (accessed on 8 June 2022).

17. Kanjanavisut, K. COVID-19 Increased Global Demand for Medical Glove. EIC Indicates That Malaysia Gains More from Export
Than Thailand. Available online: https://www.scbeic.com/en/detail/file/product/6857/fnyoncnigx/EIC-Note_rubber-glove_
EN_20200601.pdf (accessed on 29 April 2023).

18. Tey, C. MARGMA Expects Global Glove Demand to Resume Growth Next Year, after 19% Drop|The Edge Markets. Available
online: https://www.theedgemarkets.com/article/margma-expects-global-glove-demand-resume-growth-next-year-after-19
-drop (accessed on 7 October 2022).

19. MarketWatch Disposable Gloves Market 2022 Recent Developments, Size, Share, Growth Strategies, Segment by Type, Region and
Future Forecast 2028—MarketWatch. Available online: https://www.marketwatch.com/press-release/disposable-gloves-market-
2022-recent-developments-size-share-growth-strategies-segment-by-type-region-and-future-forecast-2028-2022-08-01 (accessed
on 7 October 2022).

20. Lim, J. Top Glove Makes the Highest Quarterly Profit among Malaysia’s Top 10 Companies|The Edge Markets. Available online:
https://www.theedgemarkets.com/article/top-glove-makes-highest-quarterly-profit-among-malaysias-top-10-companies (ac-
cessed on 10 October 2022).

21. Wong, E.L. Top Glove Posts Record Net Profit of RM348m in 3Q, Declares 10 Sen Dividend|The Edge Markets. Available online:
https://www.theedgemarkets.com/article/top-glove-posts-record-3q-net-profit-rm348m-declares-10-sen-dividend (accessed
on 10 October 2022).

22. Syafiqah, S. Comfort Gloves Quarterly Net Profit Declines on Two Fronts|The Edge Markets. Available online: https://www.
theedgemarkets.com/article/comfort-gloves-quarterly-net-profit-declines-two-fronts (accessed on 10 October 2022).

23. Kuala Lumpur Stock Exchange (KLSE) COMFORT (2127): Quarterly Results for Last 10 Financial Years|I3investor. Available
online: https://klse.i3investor.com/web/stock/financial-quarter/2127 (accessed on 10 October 2022).

24. Sajeev, S.; Chandra, G. Disposable Gloves Market Size, Share, Trends & Industry Analysis 2023. Available online: https:
//www.alliedmarketresearch.com/disposable-gloves-market (accessed on 19 May 2020).

25. Maximize Market Research Nitrile Gloves Market: Global Industry Analysis and Forecast (2022–2029). Available online:
https://www.maximizemarketresearch.com/market-report/nitrile-gloves-market/126531/ (accessed on 7 October 2022).

https://doi.org/10.12968/bjon.2019.28.1.26
https://doi.org/10.5254/rct.15.84882
https://doi.org/10.1177/175045891002000606
https://doi.org/10.1016/j.jamcollsurg.2007.11.015
https://doi.org/10.1533/9780857096913.1.119
https://doi.org/10.1002/anie.201604615
https://www.ncbi.nlm.nih.gov/pubmed/27860133
https://www.ft.com/content/359047c2-89fb-11ea-a109-483c62d17528
https://www.ft.com/content/359047c2-89fb-11ea-a109-483c62d17528
https://doi.org/10.5539/ibr.v14n10p105
https://www.gminsights.com/industry-analysis/medical-gloves-market
https://www.grandviewresearch.com/industry-analysis/disposable-gloves-market
https://www.grandviewresearch.com/industry-analysis/disposable-gloves-market
https://appsso.eurostat.ec.europa.eu/nui/submitViewTableAction.do
https://appsso.eurostat.ec.europa.eu/nui/submitViewTableAction.do
https://www.scbeic.com/en/detail/file/product/6857/fnyoncnigx/EIC-Note_rubber-glove_EN_20200601.pdf
https://www.scbeic.com/en/detail/file/product/6857/fnyoncnigx/EIC-Note_rubber-glove_EN_20200601.pdf
https://www.theedgemarkets.com/article/margma-expects-global-glove-demand-resume-growth-next-year-after-19-drop
https://www.theedgemarkets.com/article/margma-expects-global-glove-demand-resume-growth-next-year-after-19-drop
https://www.marketwatch.com/press-release/disposable-gloves-market-2022-recent-developments-size-share-growth-strategies-segment-by-type-region-and-future-forecast-2028-2022-08-01
https://www.marketwatch.com/press-release/disposable-gloves-market-2022-recent-developments-size-share-growth-strategies-segment-by-type-region-and-future-forecast-2028-2022-08-01
https://www.theedgemarkets.com/article/top-glove-makes-highest-quarterly-profit-among-malaysias-top-10-companies
https://www.theedgemarkets.com/article/top-glove-posts-record-3q-net-profit-rm348m-declares-10-sen-dividend
https://www.theedgemarkets.com/article/comfort-gloves-quarterly-net-profit-declines-two-fronts
https://www.theedgemarkets.com/article/comfort-gloves-quarterly-net-profit-declines-two-fronts
https://klse.i3investor.com/web/stock/financial-quarter/2127
https://www.alliedmarketresearch.com/disposable-gloves-market
https://www.alliedmarketresearch.com/disposable-gloves-market
https://www.maximizemarketresearch.com/market-report/nitrile-gloves-market/126531/


J. Funct. Biomater. 2023, 14, 349 31 of 34

26. Akabane, T. Production Method & Market Trend of Rubber Gloves. Int. Polym. Sci. Technol. 2016, 43, 369–373. [CrossRef]
27. Crépy, M.-N.; Hoerner, P. Gloves: Types, Materials, and Manufacturing. In Protective Gloves for Occupational Use; CRC Press: Boca

Raton, FL, USA, 2022; pp. 17–44, ISBN 9781003126874.
28. Yip, E.; Cacioli, P. The Manufacture of Gloves from Natural Rubber Latex. J. Allergy Clin. Immunol. 2002, 110, S3–S14. [CrossRef]
29. Wang, M.; Morris, M. Advances in Fillers for the Rubber Industry. In Rubber Technologist’s Handbook; White, J., De, S.K., Naskar, K.,

Eds.; Smithers Rapra Technology Limited: Shawbury, UK, 2009; Volume 2, pp. 189–214, ISBN 978-1-84735-100-5.
30. Mellström, G.A.; Boman, A. Gloves: Types, Materials, and Manufacturing. In Protective Gloves for Occupational Use; Wahlberg, J.E.,

Boman, A., Estlander, T., Maibach, H.I., Eds.; CRC Press: Boca Raton, FL, USA, 2005; pp. 15–28, ISBN 9780367393854.
31. Simpson, R.B. Rubber Basics; Rapra Technology Limited: Shrewsbury, UK, 2002; ISBN 185957307X.
32. Srinivasan, S. Powdered Gloves: Time to Bid Adieu. J. Postgrad. Med. 2018, 64, 68. [CrossRef] [PubMed]
33. Preece, D.; Hong Ng, T.; Tong, H.K.; Lewis, R.; Carré, M.J. The Effects of Chlorination, Thickness, and Moisture on Glove Donning

Efficiency. Ergonomics 2021, 64, 1205–1216. [CrossRef]
34. Daud, S.; You, Y.S.; Azura, A.R. The Effect of Acid Hydrolyzed Sago Starch on Mechanical Properties of Natural Rubber and

Carboxylated Nitrile Butadiene Rubber Latex. Mater. Today Proc. 2019, 17, 1047–1055. [CrossRef]
35. Rahman, M.F.A.; Rusli, A.; Adzami, N.S.; Azura, A.R. Studies on the Influence of Mixed Culture from Buried Soil Sample for

Biodegradation of Sago Starch Filled Natural Rubber Latex Gloves. IOP Conf. Ser. Mater. Sci. Eng. 2019, 548, 012018. [CrossRef]
36. Misman, M.A.; Azura, A.R. Overview on the Potential of Biodegradable Natural Rubber Latex Gloves for Commercialization.

Adv. Mat. Res. 2013, 844, 486–489. [CrossRef]
37. Jawjit, W.; Pavasant, P.; Kroeze, C. Evaluating Environmental Performance of Concentrated Latex Production in Thailand. J. Clean.

Prod. 2015, 98, 84–91. [CrossRef]
38. Rattanapan, C.; Suksaroj, T.; Ounsaneha, W. Development of Eco-Efficiency Indicators for Rubber Glove Product by Material

Flow Analysis. Procedia Soc. Behav. Sci. 2012, 40, 99–106. [CrossRef]
39. Yew, G.Y.; Tham, T.C.; Show, P.L.; Ho, Y.C.; Ong, S.K.; Law, C.L.; Song, C.; Chang, J.S. Unlocking the Secret of Bio-Additive

Components in Rubber Compounding in Processing Quality Nitrile Glove. Appl. Biochem. Biotechnol. 2020, 191, 1–28. [CrossRef]
40. Kloepfer, A.; Jekel, M.; Reemtsma, T. Occurrence, Sources, and Fate of Benzothiazoles in Municipal Wastewater Treatment Plants.

Environ. Sci. Technol. 2005, 39, 3792–3798. [CrossRef]
41. Lenko, D.; Schlögl, S.; Temel, A.; Schaller, R.; Holzner, A.; Kern, W. Dual Crosslinking of Carboxylated Nitrile Butadiene Rubber

Latex Employing the Thiol-Ene Photoreaction. J. Appl. Polym. Sci. 2013, 129, 2735–2743. [CrossRef]
42. Yew, G.Y.; Tham, T.C.; Law, C.L.; Chu, D.T.; Ogino, C.; Show, P.L. Emerging Crosslinking Techniques for Glove Manufacturers

with Improved Nitrile Glove Properties and Reduced Allergic Risks. Mater. Today Commun. 2019, 19, 39–50. [CrossRef]
43. Nik Yahya, N.Z.; Zulkepli, N.N.; Ismail, H.; Ting, S.S.; Abdullah, M.M.A.B.; Kamarudin, H.; Hamzah, R. Properties of Natural

Rubber/Styrene Butadiene Rubber/Recycled Nitrile Glove (NR/SBR/RNBRg) Blends: The Effects of Recycled Nitrile Glove
(RNBRg) Particle Sizes. Key Eng. Mater. 2016, 673, 151–160. [CrossRef]

44. Linos, A.; Reichelt, R.; Keller, U.; Steinbüchel, A. A Gram-Negative Bacterium, Identified as Pseudomonas Aeruginosa AL98, Is
a Potent Degrader of Natural Rubber and Synthetic Cis-1,4-Polyisoprene. FEMS Microbiol. Lett. 2000, 182, 155–161. [CrossRef]

45. Rose, K.; Steinbüchel, A. Biodegradation of Natural Rubber and Related Compounds: Recent Insights into a Hardly Understood
Catabolic Capability of Microorganisms. Appl. Environ. Microbiol. 2005, 71, 2803–2812. [CrossRef]

46. Chengalroyen, M.D.; Dabbs, E.R. The Biodegradation of Latex Rubber: A Minireview. J. Polym. Environ. 2013, 21, 874–880.
[CrossRef]

47. Arenskötter, M.; Baumeister, D.; Berekaa, M.; Pötter, G.; Kroppenstedt, R.M.; Linos, A.; Steinbüchel, A. Taxonomic Characterization
of Two Rubber Degrading Bacteria Belonging to the Species Gordonia Polyisoprenivorans and Analysis of Hyper Variable Regions
of 16S RDNA Sequences. FEMS Microbiol. Lett. 2001, 205, 277–282. [CrossRef]

48. Preece, D.; Lewis, R.; Carré, M.J. A Critical Review of the Assessment of Medical Gloves. Tribol.-Mater. Surf. Interfaces 2021, 15,
10–19. [CrossRef]

49. Mooibroek, H.; Cornish, K. Alternative Sources of Natural Rubber. Appl. Microbiol. Biotechnol. 2000, 53, 355–365. [CrossRef]
50. Cacioli, P. Introduction to Latex and the Rubber Industry. Rev. Fr. Allergol. Immunol. Clin. 1997, 37, 1173–1176. [CrossRef]
51. Das, D.; Nag, S.; Naskar, H.; Acharya, S.; Bakchi, S.; Ali, S.S.; Roy, R.B.; Tudu, B.; Bandyopadhyay, R. Personal Protective

Equipment for COVID-19: A Comprehensive Review. In Healthcare Informatics for Fighting COVID-19 and Future Epidemics.
EAI/Springer Innovations in Communication and Computing; Garg, L., Chakraborty, C., Mahmoudi, S., Sohmen, V.S., Eds.; Springer:
Cham, Switzerland, 2022; pp. 141–154, ISBN 978-3-030-72751-2.

52. Hänninen, A.R.; Mikkola, J.H.; Kalkkinen, N.; Turjanmaa, K.; Ylitalo, L.; Reunala, T.; Palosuo, T. Increased Allergen Production in
Turnip (Brassica Rapa) by Treatments Activating Defense Mechanisms. J. Allergy Clin. Immunol. 1999, 104, 194–201. [CrossRef]
[PubMed]

53. Mercurio, J. Creating a Latex-Safe Perioperative Environment. OR Nurse 2011, 5, 18–25. [CrossRef]
54. Charous, B.L.; Tarlo, S.M.; Charous, M.A.; Kelly, K. Natural Rubber Latex Allergy in the Occupational Setting. Methods 2002, 27,

15–21. [CrossRef] [PubMed]
55. Liberatore, K.; Kelly, K.J. Latex Allergy Risks Live On. J. Allergy Clin. Immunol. Pract. 2018, 6, 1877–1878. [CrossRef]
56. McMillan, F.M. The Chain Straighteners, 1st ed.; The MacMillan Press Ltd.: New York, NY, USA, 1979; ISBN 978-1-349-04432-0.

https://doi.org/10.1177/0307174X1604300509
https://doi.org/10.1067/mai.2002.124499
https://doi.org/10.4103/jpgm.JPGM_583_17
https://www.ncbi.nlm.nih.gov/pubmed/29386419
https://doi.org/10.1080/00140139.2021.1907452
https://doi.org/10.1016/j.matpr.2019.06.511
https://doi.org/10.1088/1757-899X/548/1/012018
https://doi.org/10.4028/www.scientific.net/AMR.844.486
https://doi.org/10.1016/j.jclepro.2013.11.016
https://doi.org/10.1016/j.sbspro.2012.03.167
https://doi.org/10.1007/s12010-019-03207-7
https://doi.org/10.1021/es048141e
https://doi.org/10.1002/app.38983
https://doi.org/10.1016/j.mtcomm.2018.12.014
https://doi.org/10.4028/www.scientific.net/KEM.673.151
https://doi.org/10.1111/j.1574-6968.2000.tb08890.x
https://doi.org/10.1128/AEM.71.6.2803-2812.2005
https://doi.org/10.1007/s10924-013-0593-z
https://doi.org/10.1016/S0378-1097(01)00497-9
https://doi.org/10.1080/17515831.2020.1730619
https://doi.org/10.1007/s002530051627
https://doi.org/10.1016/S0335-7457(97)80146-3
https://doi.org/10.1016/S0091-6749(99)70135-1
https://www.ncbi.nlm.nih.gov/pubmed/10400861
https://doi.org/10.1097/01.ORN.0000406637.81059.b3
https://doi.org/10.1016/S1046-2023(02)00047-6
https://www.ncbi.nlm.nih.gov/pubmed/12079413
https://doi.org/10.1016/j.jaip.2018.08.007


J. Funct. Biomater. 2023, 14, 349 32 of 34

57. Zetune, K.; Dombrowski, R.; Day, J.; Wagner, N.J. Puncture and/or Cut Resistant Glove Having Maximized Dexterity, Tactility,
and Comfort. U.S. Patent 13/639,740, 6 June 2013.

58. Cuillo, P.A.; Hewitt, N. The Rubber Formulary; Noyes Publications: Norwich, NY, USA; William Andrew Publishing, LLC: Norwich,
NY, USA, 1999; ISBN 0-8155-1434-4.

59. Konrad, E.; Tschunkur, E. Rubber like Masses from Butadiene Hydrocarbons and Polymerizable Nitrils. U.S. Patent 1,973,000,
11 September 1934.

60. SmartPractice Polychloroprene Gloves vs Nitrile Gloves: What You Need to Know » SmartPractice Blog. Available online: https:
//blog.smartpractice.com/polychloroprene-gloves-vs-nitrile-gloves-what-you-need-to-know/ (accessed on 13 March 2023).

61. Wypych, G. Handbook of Polymers, 2nd ed.; ChemTec Publishing: Toronto, ON, Canada, 2016; ISBN 9781895198928.
62. Sugiura, K.; Sugiura, M.; Shiraki, R.; Hayakawa, R.; Shamoto, M.; Sasaki, K.; Itoh, A. Contact Urticaria Due to Polyethylene

Gloves. Contact Dermat. 2002, 46, 262–266. [CrossRef] [PubMed]
63. Carroll, W.F.; Johnson, R.W.; Moore, S.S.; Paradis, R.A. Poly(Vinyl Chloride). In Applied Plastics Engineering Handbook: Processing,

Materials, and Applications, 2nd ed.; William Andrew Publishing: Norwich, NY, USA, 2017; pp. 73–89, ISBN 9780323390408.
64. Tapia-Fuentes, J.; Cruz-Salas, A.; Álvarez-Zeferino, C.; Martínez-Salvador, C.; Pérez-Aragón, B.; Vázquez-Morillas, A. Bioplastics

in Personal Protective Equipment. Biodegrad. Mater. Appl. 2022, 173–210. [CrossRef]
65. Gnaneswaran, V.; Mudhunuri, B.; Bishu, R.R. A Study of Latex and Vinyl Gloves: Performance versus Allergy Protection

Properties. Int. J. Ind. Ergon. 2008, 38, 171–181. [CrossRef]
66. Wallemacq, P.E.; Capron, A.; Vanbinst, R.; Boeckmans, E.; Gillard, J.; Favier, B. Permeability of 13 Different Gloves to 13 Cytotoxic

Agents under Controlled Dynamic Conditions. Am. J. Health-Syst. Pharm. 2006, 63, 547–556. [CrossRef]
67. Landeck, L.; Gonzalez, E.; Koch, O.M. Handling Chemotherapy Drugs—Do Medical Gloves Really Protect? Int. J. Cancer 2015,

137, 1800–1805. [CrossRef]
68. ASTM D3578-19; Standard Specification for Rubber Examination Gloves. ASTM International: West Conshohocken, PA, USA,

2019; pp. 1–5. [CrossRef]
69. ASTM D6319-19; Standard Specification for Nitrile Examination Gloves for Medical Application. ASTM International: West

Conshohocken, PA, USA, 2019; pp. 1–4. [CrossRef]
70. ASTM D6977-19; Standard Specification for Polychloroprene Examination Gloves for Medical Application. ASTM International:

West Conshohocken, PA, USA, 2019; pp. 1–4. [CrossRef]
71. EN 455-2:2015; Medical Gloves for Single Use—Part 2: Requirements and Testing for Physical Properties. European Committee

for Standardization: Brussels, Belgium, 2015; pp. 1–13.
72. Kossan Rubber Industries Bhd Rubber Disposable Gloves. Available online: https://kossan.com.my/products/gloves/healthcare.

html (accessed on 18 October 2022).
73. Jayathilaka, I.; Ariyadasa, T.U.; Egodage, S.M. Powdered Corn Grain and Cornflour on Properties of Natural Rubber Latex

Vulcanizates: Effect of Filler Loading. In Proceedings of the MERCon 2018—4th International Multidisciplinary Moratuwa
Engineering Research Conference, Moratuwa, Sri Lanka, 30 May–1 June 2018; pp. 235–240. [CrossRef]

74. McDonnell, G.; Russell, A.D. Antiseptics and Disinfectants: Activity, Action, and Resistance. Clin. Microbiol. Rev. 1999, 12,
147–179. [CrossRef]

75. Kenawy, E.-R. Electrospun Polymer Nanofibers with Antimicrobial Activities. In Polymeric Materials with Antimicrobial Activity:
From Synthesis to Applications; Muñoz-Bonilla, A., Cerrada, M.L., Fernández-García, M., Eds.; Royal Society of Chemistry: London,
UK, 2013; pp. 208–223.

76. Riyajan, S.A.; Chaiponban, S.; Tanbumrung, K. Investigation of the Preparation and Physical Properties of a Novel Semi-
Interpenetrating Polymer Network Based on Epoxised NR and PVA Using Maleic Acid as the Crosslinking Agent. Chem. Eng. J.
2009, 153, 199–205. [CrossRef]

77. Zhang, H.M.; Wakisaka, N.; Maeda, O.; Yamamoto, T. Vitamin C Inhibits the Growth of a Bacterial Risk Factor for Gastric
Carcinoma: Helicobacter Pylori. Cancer 2000, 80, 1897–1903. [CrossRef]

78. Sánchez-Najera, R.I.; Nakagoshi-Cepeda, S.; Martínez-Sanmiguel, J.J.; Hernandez-Delgadillo, R.; Cabral-Romero, C. Ascorbic
Acid On Oral Microbial Growth and Biofilm Formation. Pharma Innov. J. 2013, 2, 103–109.

79. Vilchèze, C.; Hartman, T.; Weinrick, B.; Jacobs, W.R. Mycobacterium Tuberculosis Is Extraordinarily Sensitive to Killing by
a Vitamin C-Induced Fenton Reaction. Nat. Commun. 2013, 4, 1–10. [CrossRef]

80. Biswas, S.; Thomas, N.; Mandal, A.; Mullick, A.; Chandra, D.; Mukherjee, S.; Sett, S.; Kumar Mitra, A. In Vitro Analysis of
Antibacterial Activity of Vitamin C alone and in Combination with Antibiotics on Gram Positive Rod isolated from Soil of
a Dumping Site of Kolkata. Int. J. Pharm. Biol. Sci. 2013, 3, 101–110.

81. El-Gebaly, E.; Essam, T.; Hashem, S.; El-Baky, R.A. Effect of Levofloxacin and Vitamin C on Bacterial Adherence and Preformed
Biofilm on Urethral Catheter Surfaces. J. Microb. Biochem. Technol. 2012, 4, 131–136. [CrossRef]

82. Verghese, R.; Mathew, S.; David, A. Antimicrobial Activity of Vitamin C Demonstrated on Uropathogenic Escherichia Coli and
Klebsiella Pneumoniae. J. Curr. Res. Sci. Med. 2017, 3, 88. [CrossRef]

83. Riyajan, S. ad Biodegradable Green Glove Containing Ascorbic Acid from Maleated Epoxidized Natural Rubber/Poly(Vinyl
Alcohol) Blend: Preparation and Physical Properties. J. Polym. Environ. 2022, 30, 1141–1150. [CrossRef]

84. Mohammed, L.; Ansari, M.N.M.; Pua, G.; Jawaid, M.; Islam, M.S. A Review on Natural Fiber Reinforced Polymer Composite and
Its Applications. Int. J. Polym. Sci. 2015, 2015, 243947. [CrossRef]

https://blog.smartpractice.com/polychloroprene-gloves-vs-nitrile-gloves-what-you-need-to-know/
https://blog.smartpractice.com/polychloroprene-gloves-vs-nitrile-gloves-what-you-need-to-know/
https://doi.org/10.1034/j.1600-0536.2002.460503.x
https://www.ncbi.nlm.nih.gov/pubmed/12084078
https://doi.org/10.1002/9781119905301.ch6
https://doi.org/10.1016/j.ergon.2007.10.027
https://doi.org/10.2146/ajhp050197
https://doi.org/10.1002/ijc.29058
https://doi.org/10.1520/D3578-19
https://doi.org/10.1520/D6319-19
https://doi.org/10.1520/D6977-19
https://kossan.com.my/products/gloves/healthcare.html
https://kossan.com.my/products/gloves/healthcare.html
https://doi.org/10.1109/mercon.2018.8421916
https://doi.org/10.1128/CMR.12.1.147
https://doi.org/10.1016/j.cej.2009.05.043
https://doi.org/10.1002/(SICI)1097-0142(19971115)80:10&lt;1897::AID-CNCR4&gt;3.0.CO;2-L
https://doi.org/10.1038/ncomms2898
https://doi.org/10.4172/1948-5948.1000083
https://doi.org/10.4103/jcrsm.jcrsm_35_17
https://doi.org/10.1007/s10924-021-02258-4
https://doi.org/10.1155/2015/243947


J. Funct. Biomater. 2023, 14, 349 33 of 34

85. Thomas, S.K.; Parameswaranpillai, J.; Krishnasamy, S.; Begum, P.M.S.; Nandi, D.; Siengchin, S.; George, J.J.; Hameed, N.; Salim,
N.V.; Sienkiewicz, N. A Comprehensive Review on Cellulose, Chitin, and Starch as Fillers in Natural Rubber Biocomposites.
Carbohydr. Polym. Technol. Appl. 2021, 2, 100095. [CrossRef]

86. Bode, H.B.; Kerkhoff, K.; Jendrossek, D. Bacterial Degradation of Natural and Synthetic Rubber. Biomacromolecules 2001, 2, 295–303.
[CrossRef]

87. Afiq, M.M.; Azura, A.R. Effect of Sago Starch Loadings on Soil Decomposition of Natural Rubber Latex (NRL) Composite Films
Mechanical Properties. Int. Biodeterior. Biodegradation 2013, 85, 139–149. [CrossRef]

88. Taghvaei-Ganjali, S.; Motiee, F.; Shakeri, E.; Abbasian, A. Effect of Amylose/Amylopectin Ratio on Physico-Mechanical Properties
of Rubber Compounds Filled by Starch. J. Appl. Chem. Res. 2010, 4, 53–60.

89. Wei, B.; Xu, X.; Jin, Z.; Tian, Y. Surface Chemical Compositions and Dispersity of Starch Nanocrystals Formed by Sulfuric and
Hydrochloric Acid Hydrolysis. PLoS ONE 2014, 9, e86024. [CrossRef] [PubMed]

90. Abiola, C.; Oyetayo, V.O. Isolation and Biochemical Characterization of Microorganisms Associated with the Fermentation of
Kersting’s Groundnut (Macrotyloma Geocarpum). Res. J. Microbiol. 2016, 11, 47–55. [CrossRef]

91. Riscoe, M.; Kelly, J.X.; Winter, R. Xanthones as Antimalarial Agents: Discovery, Mode of Action, and Optimization. Curr. Med.
Chem. 2005, 12, 2539–2549. [CrossRef]

92. Pedraza-Chaverri, J.; Cárdenas-Rodríguez, N.; Orozco-Ibarra, M.; Pérez-Rojas, J.M. Medicinal Properties of Mangosteen (Garcinia
Mangostana). Food Chem. Toxicol. 2008, 46, 3227–3239. [CrossRef]

93. Moopayak, W.; Tangboriboon, N. Mangosteen Peel and Seed as Antimicrobial and Drug Delivery in Rubber Products. J. Appl.
Polym. Sci. 2020, 137, 49119. [CrossRef]

94. Cao, L.; Yuan, D.; Fu, X.; Chen, Y. Green Method to Reinforce Natural Rubber with Tunicate Cellulose Nanocrystals via One-Pot
Reaction. Cellulose 2018, 25, 4551–4563. [CrossRef]

95. Ding, C.; Matharu, A.S. Recent Developments on Biobased Curing Agents: A Review of Their Preparation and Use. ACS Sustain.
Chem. Eng. 2014, 2, 2217–2236. [CrossRef]

96. Lee, H.V.; Hamid, S.B.A.; Zain, S.K. Conversion of Lignocellulosic Biomass to Nanocellulose: Structure and Chemical Process. Sci.
World J. 2014, 2014, 631013. [CrossRef]

97. Panchal, P.; Ogunsona, E.; Mekonnen, T. Trends in Advanced Functional Material Applications of Nanocellulose. Processes 2018,
7, 10. [CrossRef]

98. Parambath Kanoth, B.; Claudino, M.; Johansson, M.; Berglund, L.A.; Zhou, Q. Biocomposites from Natural Rubber: Synergistic
Effects of Functionalized Cellulose Nanocrystals as Both Reinforcing and Cross-Linking Agents via Free-Radical Thiol-Ene
Chemistry. ACS Appl. Mater. Interfaces 2015, 7, 16303–16310. [CrossRef] [PubMed]

99. Blanchard, R.; Ogunsona, E.O.; Hojabr, S.; Berry, R.; Mekonnen, T.H. Synergistic Cross-Linking and Reinforcing Enhancement of
Rubber Latex with Cellulose Nanocrystals for Glove Applications. ACS Appl. Polym. Mater. 2020, 2, 887–898. [CrossRef]

100. Thakore, S. Nanosized Cellulose Derivatives as Green Reinforcing Agents at Higher Loadings in Natural Rubber. J. Appl. Polym.
Sci. 2014, 131, 1–7. [CrossRef]

101. Reitzel, R.A.; Dvorak, T.L.; Hachem, R.Y.; Fang, X.; Jiang, Y.; Raad, I. Efficacy of Novel Antimicrobial Gloves Impregnated with
Antiseptic Dyes in Preventing the Adherence of Multidrug-Resistant Nosocomial Pathogens. Am. J. Infect. Control. 2009, 37,
294–300. [CrossRef] [PubMed]

102. Koburger, T.; Hübner, N.O.; Braun, M.; Siebert, J.; Kramer, A. Standardized Comparison of Antiseptic Efficacy of Triclosan,
PVP-Iodine, Octenidine Dihydrochloride, Polyhexanide and Chlorhexidine Digluconate. J. Antimicrob. Chemother. 2010, 65,
1712–1719. [CrossRef] [PubMed]

103. Peng, J.; Liu, P.; Peng, W.; Sun, J.; Dong, X.; Ma, Z.; Gan, D.; Liu, P.; Shen, J. Poly(Hexamethylene Biguanide) (PHMB) as
High-Efficiency Antibacterial Coating for Titanium Substrates. J. Hazard. Mater. 2021, 411, 125110. [CrossRef]

104. Sowlati-Hashjin, S.; Karttunen, M.; Carbone, P. Insights into the Polyhexamethylene Biguanide (PHMB) Mechanism of Action on
Bacterial Membrane and DNA: A Molecular Dynamics Study. J. Phys. Chem. B 2020, 124, 4487–4497. [CrossRef]

105. Leitgeb, J.; Schuster, R.; Eng, A.H.; Yee, B.N.; Teh, Y.P.; Dosch, V.; Assadian, O. In-Vitro Experimental Evaluation of Skin-to-Surface
Recovery of Four Bacterial Species by Antibacterial and Non-Antibacterial Medical Examination Gloves. Antimicrob. Resist. Infect.
Control. 2013, 2, 27. [CrossRef]

106. Daeschlein, G.; Kramer, A.; Arnold, A.; Ladwig, A.; Seabrook, G.R.; Edmiston, C.E. Evaluation of an Innovative Antimicrobial
Surgical Glove Technology to Reduce the Risk of Microbial Passage Following Intraoperative Perforation. Am. J. Infect. Control.
2011, 39, 98–103. [CrossRef]

107. Vongsetskul, T.; Wongsomboon, P.; Sunintaboon, P.; Tantimavanich, S.; Tangboriboonrat, P. Antimicrobial Nitrile Gloves Coated
by Electrospun Trimethylated Chitosan-Loaded Polyvinyl Alcohol Ultrafine Fibers. Polym. Bull. 2015, 72, 2285–2296. [CrossRef]

108. Raafat, D.; Von Bargen, K.; Haas, A.; Sahl, H.G. Insights into the Mode of Action of Chitosan as an Antibacterial Compound. Appl.
Environ. Microbiol. 2008, 74, 3764–3773. [CrossRef]

109. Kong, M.; Chen, X.G.; Xing, K.; Park, H.J. Antimicrobial Properties of Chitosan and Mode of Action: A State of the Art Review.
Int. J. Food Microbiol. 2010, 144, 51–63. [CrossRef]

110. Schrank, C.L.; Minbiole, K.P.C.; Wuest, W.M. Are Quaternary Ammonium Compounds, the Workhorse Disinfectants, Effective
against Severe Acute Respiratory Syndrome-Coronavirus-2? ACS Infect. Dis. 2020, 6, 1553–1557. [CrossRef] [PubMed]

https://doi.org/10.1016/j.carpta.2021.100095
https://doi.org/10.1021/bm005638h
https://doi.org/10.1016/j.ibiod.2013.06.016
https://doi.org/10.1371/journal.pone.0086024
https://www.ncbi.nlm.nih.gov/pubmed/24586246
https://doi.org/10.3923/jm.2016.47.55
https://doi.org/10.2174/092986705774370709
https://doi.org/10.1016/j.fct.2008.07.024
https://doi.org/10.1002/app.49119
https://doi.org/10.1007/s10570-018-1877-1
https://doi.org/10.1021/sc500478f
https://doi.org/10.1155/2014/631013
https://doi.org/10.3390/pr7010010
https://doi.org/10.1021/acsami.5b03115
https://www.ncbi.nlm.nih.gov/pubmed/26151647
https://doi.org/10.1021/acsapm.9b01117
https://doi.org/10.1002/app.40632
https://doi.org/10.1016/j.ajic.2008.07.003
https://www.ncbi.nlm.nih.gov/pubmed/19155100
https://doi.org/10.1093/jac/dkq212
https://www.ncbi.nlm.nih.gov/pubmed/20551215
https://doi.org/10.1016/j.jhazmat.2021.125110
https://doi.org/10.1021/acs.jpcb.0c02609
https://doi.org/10.1186/2047-2994-2-27
https://doi.org/10.1016/j.ajic.2010.05.026
https://doi.org/10.1007/s00289-015-1404-6
https://doi.org/10.1128/AEM.00453-08
https://doi.org/10.1016/j.ijfoodmicro.2010.09.012
https://doi.org/10.1021/acsinfecdis.0c00265
https://www.ncbi.nlm.nih.gov/pubmed/32412231


J. Funct. Biomater. 2023, 14, 349 34 of 34

111. Arakkal, A.; Rathinam, P.; Sirajunnisa, P.; Gopinathan, H.; Vengellur, A.; Bhat, S.G.; Sailaja, G.S. Antibacterial Natural Rubber
Latex Films with Surface-Anchored Quaternary Poly(4-Vinylpyridine) Polyelectrolyte. React. Funct. Polym. 2022, 172, 105190.
[CrossRef]

112. Zhuo, Y.; Cheng, X.; Fang, H.; Zhang, Y.; Wang, B.; Jia, S.; Li, W.; Yang, X.; Zhang, Y.; Wang, X. Medical Gloves Modified by
a One-Minute Spraying Process with Blood-Repellent, Antibacterial and Wound-Healing Abilities. Biomater. Sci. 2022, 10, 939–946.
[CrossRef]

113. Chen, Y.; Peng, Z.; Kong, L.X.; Huang, M.F.; Li, P.W. Natural Rubber Nanocomposite Reinforced with Nano Silica. Polym. Eng. Sci.
2008, 48, 1674–1677. [CrossRef]

114. Mou, W.; Li, J.; Fu, X.; Huang, C.; Chen, L.; Liu, Y. SiO2 and ZnO Hybrid Nanofillers Modified Natural Rubber Latex: Excellent
Mechanical and Antibacterial Properties. Polym. Eng. Sci. 2022, 62, 3110–3120. [CrossRef]

115. Jalal, R.; Goharshadi, E.K.; Abareshi, M.; Moosavi, M.; Yousefi, A.; Nancarrow, P. ZnO Nanofluids: Green Synthesis, Characteriza-
tion, and Antibacterial Activity. Mater. Chem. Phys. 2010, 121, 198–201. [CrossRef]

116. Raghupathi, K.R.; Koodali, R.T.; Manna, A.C. Size-Dependent Bacterial Growth Inhibition and Mechanism of Antibacterial
Activity of Zinc Oxide Nanoparticles. Langmuir 2011, 27, 4020–4028. [CrossRef] [PubMed]

117. Leung, Y.H.; Chan, C.M.N.; Ng, A.M.C.; Chan, H.T.; Chiang, M.W.L.; Djurišić, A.B.; Ng, Y.H.; Jim, W.Y.; Guo, M.Y.; Leung,
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