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Preface to ”Polymer Nanoparticles: Synthesis and

Applications”

Polymer nanoparticles (PNPs) are formed by the spontaneous self-assembly of polymers

that vary in size from 1 to 1000 nm. The self-assemblies of polymers are achieved by solvent

evaporation, salting out, nanoprecipitation, desolvation, dialysis, ionic gelation, and spray-drying

methods. In recent years, PNPs have been extensively employed as biomaterials because of their

characteristic features. This includes biocompatibility, small size, high surface–volume ratio, and

tunable surface and structure. Including biomaterials applications such as drug delivery, imaging,

biosensors, and stimuli-responsive, PNPs are used in environmental and agricultural applications

too. Their small size permits penetration through capillaries and is referred to as nanocarriers. PNPs

protect the drug molecules and lead to controlled release and thus are used in drug delivery and

diagnostics applications. Due to their high mechanical strength, optical and thermal properties, and

conductivity, PNPs are used in imaging, sensors, catalysis, and water-treatment applications. Thus,

the works related to polymer nanoparticles, their synthesis, and applications are covered in “Polymer

Nanoparticles: Synthesis and Applications”. The aim is to help the readers to expand their knowledge

towards the development of novel PNPs for diverse applications.

Suguna Perumal

Editor
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Editorial

Polymer Nanoparticles: Synthesis and Applications

Suguna Perumal

Department of Chemistry, Sejong University, Seoul 143747, Republic of Korea; suguna.perumal@gmail.com

Polymer nanoparticles (PNPs) are generally formed by the spontaneous self-assembly
of polymers that vary size from 1 to 1000 nm [1]. Self-assembly of polymers or surfactant-
directed polymers forms the PNPs. Self-assembly of polymers available at critical micelle
concentration (CMC). CMC is a concentration above which PNPs are formed [2]. Typical
PNPs are normal micelles and inverse micelles, as shown in Figure 1. The normal micelle
will have a hydrophobic/oil core and hydrophilic/water shell, while the inverse micelle
will have a hydrophilic/water core with a hydrophobic/oil shell [3]. In addition to normal
or inverse structures, self-assembly nanostructures of PNPs include sphere, tubular, bottle-
brush, rod-shaped, and so on [4].

Figure 1. Schematic representation of normal and inverse micelles.

The preparation of PNPs are achieved by solvent evaporation, salting out, nanoprecipi-
tation, desolvation, dialysis, ionic gelation, and spray drying methods [5,6]. Different types
of polymers were employed for the preparation of PNPs, which includes natural polymers,
for instance, gelatin, alginate, and albumin, and synthetic polymers such as random block
copolymer, grafter polymer, block copolymer, and ionic polymers form PNPs [7,8]. PNPs
show a wide range of applications which have been extensively employed as biomaterials
in recent years because of their characteristic features. This includes biocompatibility, small
size, high surface–volume ratio, and tunable surface and structure [1]. In addition to bio-
materials applications such as drug delivery, imaging, biosensors, and stimuli-responsive
systems, PNPs are used in environmental and agricultural applications [9–15]. The small
size of PNPs permits penetration through capillaries, and thus, they are referred to as
nanocarriers. PNPs protect the drug molecules, lead to controlled release, and are thus
used in drug delivery and diagnostics applications [10,11]. Due to their high mechanical
strength, optical and thermal properties, and conductivity, PNPs are used in imaging,
sensors, catalysis, and water treatment applications [12–15].

Thus, this Special Issue was established to cover the exciting studies pertaining to
polymeric materials and their applications. Romero et al. [16] reported about Pluronic F-127
stabilized polymeric lipid hybrid nanoparticles (PLHNs). Curcumin drugs, demethoxycur-
cumin (DMC) and bisdemethoycurcumin (BDM) were loaded in PLHNs. The prepared
DMC-loaded PLHNs and BDM-loaded PLHNs were characterized by many techniques.
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Overall, 88% of DMC and 68% of BDM were released from DMC- and BDM-loaded PLHNs
at 180 min. The IC50 values for DMC- and BDM-loaded PLHNs were lower than the free
ethanolic solutions of DMC and BDM. This confirms the improvement of antioxidant activ-
ity using DMC- and BDM-loaded PLHNs particles. Ruiz-Bermejo et al. [17] presented for
the first time, the synthesis of submicron particles using diaminomaleonitrile polymers by
microwave radiation. The reaction time was varied as follows: 16 min at 170 ◦C and 3.2 min
at 190 ◦C. The structural, thermal, and electrochemical properties were studied carefully
using various techniques. The obtained particles were ~230 nm with a long rice-like shape
structure. The prepared polymers exhibited good semiconductor properties and can thus
be a potential candidate for soft polymer materials.

Apart from the polymeric nanoparticles, the metal-incorporated polymer nanopar-
ticles, and the preparation of metal nanoparticles from plant sources are also focused on.
Salleh et al. [18] explained the synthesis of silver nanoparticles (AgNPs) using natural
pullulan (AgNPs/PL) by the γ-irradiation process. The prepared AgNPs/PL was char-
acterized by UV-Vis spectroscopy, X-ray powder diffraction (XRD), transmission electron
microscopy (TEM), and Zeta potential analyses. Further, the AgNPs/PL was analyzed
for antimicrobial activity against Staphylococcus aureus which showed high antibacterial
activity with 11–15 nm as an average diameter of the inhibition zone at higher irradiation
doses as 50 kGy. Grape pomace-extracted tannin was used as a reducing and stabilizing
agent for AgNPs [19]. The prepared Ta-AgNPs showed a maximum at 420 nm in UV-Vis
spectroscopy. The zeta potential measurement value of −28.48 suggests the stability of Ta-
AgNPs. The surface morphology studies using TEM showed a size between 15 and 20 nm.
Ta-AgNPs exhibited antidiabetic activity inhibition of α-amylase and α-glucosidase with
IC50 values of 48.5 and 40.0 μg/mL, respectively. In addition, Ta-AgNPs were employed as
a potent antioxidant and antibacterial agent. Polymeric nanoparticles were prepared using
2-hydroxyethyl methacrylate as a backbone monomer, ethylene glycol dimethacrylate as a
cross-linker, and methacrylic acid as a functional monomer [20]. The prepared polymer was
loaded with zinc and calcium nanoparticles, and their antibacterial effect was studied using
an in vitro subgingival biofilm model. The prepared polyester-stabilized AgNPs and their
antimicrobial performance against Staphylococcus aureus and Escherichia coli were systemati-
cally studied and reported [21]. The extract from the medicinal plant “Thymus serpyllum”
was reported as a stabilizing and reducing agent in the preparation of AgNPs [22]. The an-
tidiabetic activity on Streptozotocin-induced diabetic BALB/c mice was reported. Perumal
et al. [23] synthesized the water-dispersible graphene composite. The graphene surface
was functionalized with zwitterion polymer poly [2-(methacryloyloxy)ethyl]dimethyl-(3-
sulfopropyl)ammonium hydroxide and iron oxide nanoparticle (FeNPs). The prepared
composites were confirmed from various analyses such as XRD, Raman, SEM, TEM, X-ray
photoelectron spectroscopy, and thermogravimetric analysis.

Moreover, Liu et al. [24] has summarized the glass transition temperature (Tg) of
poly(lactic-co-glycolic acid) (PLGA) particles and their application towards drug delivery.
The change in Tg of PLGA particles with a change in size, molecular weight, shape, and
with ionic liquids was discussed in detail. The Tg of PLGA showed as an indicator for
the controlled drug release. Vinodh et al. [25] reviewed and concisely reported on the
polysulfone-based membrane for fuel cell application.

Thus, the articles that are published in this Special Issue will of particular interest for
researchers who work with polymer materials. Additionally, these articles will be helpful
in the further development of polymer materials for diverse applications.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Starch as a natural polymer is abundant and widely used in various industries around
the world. In general, the preparation methods for starch nanoparticles (SNPs) can be classified
into ‘top-down’ and ‘bottom-up’ methods. SNPs can be produced in smaller sizes and used to
improve the functional properties of starch. Thus, they are considered for the various opportunities to
improve the quality of product development with starch. This literature study presents information
and reviews regarding SNPs, their general preparation methods, characteristics of the resulting
SNPs and their applications, especially in food systems, such as Pickering emulsion, bioplastic filler,
antimicrobial agent, fat replacer and encapsulating agent. The aspects related to the properties of
SNPs and information on the extent of their utilisation are reviewed in this study. The findings can
be utilised and encouraged by other researchers to develop and expand the applications of SNPs.

Keywords: starch nanoparticle; preparation; properties; applications

1. Introduction

Starch is a native polymer that is abundantly available and widely used worldwide [1,2].
Starch is a carbohydrate. Starch granules are a source of carbohydrates and renewable
substances produced by plants in the form of granular constituents of plant parts, such as
seeds, tubers and fruits, as sources of stored energy; the shape and nature of starch depend
on the botanical source, climate and location from where it is isolated [3–7]. Globally, starch
production is mainly based on four raw materials, namely, corn, cassava, wheat and potatoes,
with >75% of starch produced from corn [8,9].

Starch is a mixture of two macromolecules, namely amylose with linear chains of
glucose molecules connected by α-1,4 glucosidic bonds, and amylopectin with branched
chains consisting of short amylose groups connected by α-1,6 glucosidic bonds [10,11]. In
general, starch contains about 20–30% amylose and 70–80% amylopectin, depending on the
source [12]. The ratio of amylose/amylopectin content will affect the functional properties of
starch, such as gelatinisation, viscosity and gel stability [13]. Starch has been widely used as
an additive in the food industry and other industrial applications, such as pharmaceuticals,
drug delivery and composites, because of its low cost and easy availability [14,15]. In the
food industry, it is generally used as a thickener and an auxiliary to improve food texture and
can be utilized to manufacture sauces, soups and puddings [16,17]. Native starch directly
extracted from plants generally has limited industrial-scale applications. It has low thermal
stability and resistance to external factors during storage, high brittleness and a hydrophilic
nature [18]. Therefore, additional treatment, either physically, chemically or enzymatically,
is needed to change the properties of native starch to overcome its limitations [16,19–25].

For decades, the food industry has attempted to improve the physicochemical proper-
ties of starch to ensure the final quality of food products [26]. Several starch studies have
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focused on particle size and understanding the relationship between nano- and microscopic
properties of different materials, where the resulting particles are small and have a large
surface area [16,27]. This new alternative, the modification of starch macromolecules from
micro- to nanoscale, produces nanostarches, which have attracted considerable attention
due to their unique properties, and not only change the particle size, but also enhances
their functional properties [6,26]. Nanostarches are of two types: starch nanocrystals
(SNCs) are crystalline portions resulting from the disruption of amorphous domains in
starch granules, and starch nanoparticles (SNPs) generated from gelatinised starch, which
may include amorphous regions [27,28]. SNPs are considered promising biomaterials and
offer various opportunities for quality improvement for the innovative development of
competitive products [29,30]. SNPs have been widely used in active food packaging [31],
bioactive compound encapsulation [32], nanocomposite film [33] and Pickering emulsion
stabilisers [11,34].

This review focuses on SNPs, their various preparation methods, including physical,
chemical and enzymatic treatments, and the resulting characteristic changes. Characterisa-
tion of SNPs in terms of size distribution, crystal structure and various properties compared
with native starch and the extent to which SNPs have been utilised were also reviewed.
The scheme in Figure 1 summarizes the preparation, properties and application of SNPs.

Figure 1. Scheme of SNP preparation, properties and applications.

2. Starch Nanoparticles

SNPs are produced through a nanotechnology process that produces nanoparticles
with a size smaller than 1000 nm, but are larger than a single molecule [6,35]. Furthermore,
Le Corre et al. [36] reported that the morphology and properties of the resulting nanoparti-
cles depend on the botanical source. Some previous studies on SNPs, such as those from
potatoes [6], bananas [37], water chestnuts [38], sago [39] and maize starches [40], have
been widely carried out.

In general, the preparation of SNPs can be classified into ‘top-down’ and ‘bottom-up’
methods [41]. On the other hand, top-down methods, such as ultrasonication, homogenisa-
tion, gamma radiation, acid hydrolysis and others, involve the production of nanoparticles
from the breakdown of large particles into small ones based on structural fragmentation
using mechanical and chemical forces [30,42]. On the other hand, bottom-up methods
produce nanoparticles using a thermodynamic process of controlled molecular assembly,
such as nanoprecipitation or self-assembly [42]. Top-down approach technology is the most
commonly used method to produce nanoparticles [10].
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Top-down methods have the advantage of easy usage, but they are ineffective for the
production of particles with the right size and shape [43]. Meanwhile, bottom-up methods
produce nanoparticles with controllable shape and size, high yields and short duration
times; they require specific chemical reagents and advanced equipment [26,44]. The main
considerations in selecting the preparation method of nanoparticles may be related to the
size of the resulting particles and scale of production. According to Pattekari et al. [45],
top-down methods are more efficient on a larger scale and produce SNPs with a large
particle size, whereas bottom-up methods can produce smaller particles, but are more
suitable for use on a laboratory scale given the lower resulting yield.

SNPs have various distinctive properties. They are widely used compared to native
starch because of their nanometric size; thus, starch has received considerable attention
due to its large surface area per mass ratio and effectively increased interactions [38]. Based
on several studies, SNPs are a promising alternative for the formation of stable emulsions,
carriers of bioactive compounds and effective packaging developments for the production
of food-grade films with great resistance to mechanical effects [35,38].

3. Preparation Method of Starch Nanoparticles

SNPs are obtained from the breakdown of granules produced by various methods. The
preparation of nanoparticles can be classified based on the preparation method: physical,
chemical, enzymatic methods or their combination. Table 1 presents the various methods
for the preparation of SNPs from various starch sources.

Table 1. Preparation of SNPs by various methods.

Starch Source Preparation Method Preparation Condition %Yield Ref.

a. Top-down methods

Cassava
Waxy maize Gamma irradiation Doses 20 kGy (14 kG/h) NR [46]

Cassava Gamma irradiation Doses 20 kGy NR [47]

Green Sago High-pressure homogenization 250 Mpa/5 passes 1 h (Refrigerated for 30 min/
after time) NR [48]

High amylose maize High-pressure homogenization
Starch was dispersed high-pressure homogenization
was performed at
140, 200, and 250 MPa for 1–4 cycles

NR [49]

Waxy maize Ultrasonication Ultrasonication (80% power, 8 ◦C, 20 kHz, 75 min NR [50]

Waxy maize Ultrasonication Sonication (80% power, 8 ◦C, 24 kHz, 75 min NR [51]

Cassava Ultrasonication Ultrasonication 8 ◦C, 24 kHz, 75 min NR [52]

Corn Ultrasonication mixture water-isopropanol (50/50 wt%)
ultrasonication (100% power, 10 ◦C, 20 kHz, 75 min NR [53]

Quinoa
Maize Ultrasonication The suspension is heated in solution NaOH

(ultrasonication 20 kHz, 30 min) NR [54]

Waxy maize Acid hydrolysis 3.16 M H2SO4, hydrolysis at 40 ◦C for 5 days NR [46]

Mung bean Acid hydrolysis 3.16 M H2SO4, hydrolysis at 40 ◦C for 7 days 33.2 [55]

Waxy maize
Normal maize
High AM maize
Potato
Mungbean

Acid hydrolysis 3.16 M H2SO4, hydrolysis at 40 ◦C for 7 days NR [56]

Waxy maize
High amylose maize Acid hydrolysis 3.16 M H2SO4 hydrolysis at 40 ◦C for 6 days NR [57]

Water chesnut Acid hydrolysis 3.16 M H2SO4 hydrolysis at 40 ◦C for 7 days 27.5 [38]

Andean potato Acid hydrolysis 3.16 M H2SO4 hydrolysis at 40 ◦C for 5 days NR [58]

Waxy rice Acid hydrolysis 2.2 M HCl hydrolysis at 35 ◦C for 7–10 days NR [59]
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Table 1. Cont.

Starch Source Preparation Method Preparation Condition %Yield Ref.

Sago Acid hydrolysis 2.2 M HCl hydrolysis 35 ◦C for 12–48 h 72–80 [39]

Sago Combined acid hydrolysis and
precipitation

HCl 2.2 M hydrolysis 35 ◦C for 12–48 h, then
precipitation with ethanol
HCl 2.2 M hydrolysis 35 ◦C for 12–48 h, then
precipitation with butanol

20–25%

22–23%

[39]

Andean potato Combined acid hydrolysis and
–ultrasonication

3.16 M H2SO4 hydrolysis at 40 ◦C for 5 days, then
sonication 4 ◦C, 26 kHz NR [58]

Waxy maize SNP Combined cid hydrolysis and
ultrasonication

3.16 M H2SO4 hydrolysis at 4/40 ◦C for 1–6 days,
then ultrasonication 20 kHz, 3 min 78% [60]

Tapioca Combined nanoprecipitations
and ultrasonication

Precipitation using aceton, then ultrasonication
60 min, 20 kHz, and 150 W NR [61]

Lotus seed Combined enzymatic hydrolysis
and ultrasonication

Hydrolysis with pullulanase enzyme (pH 4.6) at
(30 ASPU/g of dry starch), 58 ◦C, 8 h, then
ultrasonication 25 ± 1 kHz. Acid Stable Pullulanase
Units (ASPU) is ASPU is defined as the amount of
enzyme that liberates 1.0 mg glucose from starch in
1 min at pH 4.4 and 60 ◦C

NR [62]

Waxy maize Combined enzymatic hydrolysis
and recrystallization

Hydrolysis with pullulanase enzyme (pH 5) at
(30 ASPU/g of dry starch), 58 ◦C, 8 h. Followed by
recrystallization at 4 ◦C 8 h

85% [63]

Elephant foot yam Combined enzymatic hydrolysis
and recrystallization

Debranching by pullulanase, followed by
recrystallization at 4 ◦C 12–24 h 56.66–61.33% [64]

Waxy maize Combined enzymatic hydrolysis
and recrystallization

Hydrolysis with pullulanase enzyme at 58 ◦C 24 h,
then recrystallized 5 ◦C NR [40]

b. Top-down methods

Dry high amylose
Corn
Potato
Tapioca
Sweet potato
Waxy corn

Nanoprecipitation Absolute ethanol as a precipitate NR [6]

Green banana Nanoprecipitation Starch mixed in acetone and precipitated with water NR [37]

Tapioca Nanoprecipitation Produced with acetone NR [61]

Waxy maize Nanoprecipitation Starch mixed with ethanol NR [40]

Arrowroot Nanoprecipitation Produced by butanol 20.65–23.8 [65]

Potato Nanoprecipitation Produced by ethanol NR [66]

NR = Not reported.

3.1. Physical Methods

Various SNP preparations, such as gamma irradiation, high-pressure homogenisation
(HPH) and ultrasonication, have been carried out. These methods are less complicated and
less expensive, and can be used to reduce the use of chemicals to prevent leaving residues
in the final product [48,67]. Furthermore, physical methods are less-time consuming than
chemical methods. However, some physical methods have the disadvantage of being more
energy consuming.

Physical preparation using gamma irradiation as an immediate modification technique
that causes depolymerization by breaking glycosidic bonds and hydrolysing chemical
bonds, and it results in the production of small starch fragments [41]. The preparation of
SNPs with this method has been tested on various starch sources, such as cassava and waxy
corn starches, with a general application of a 20 kGy dose and a resulting particle size of
20–50 nm [46,47].

Furthermore, HPH operates at high speed and shear rate of product flow [68]. Ah-
mad et al. [48] conducted HPH at a pressure of 250 MPa and reported that the repeated
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homogenisation process can result in significant size reduction. The preparation of nanopar-
ticles using HPH has been tested on sago and high-amylose corn starches [48,49].

Ultrasonication has been widely used to prepare SNPs, such as those from corn,
cassava, quinoa and corn starches [50–52,54]. Ultrasonic treatment is promising due to
its high yield, being rapid and relatively simple without any purification steps. In the
ultrasound modification, sound waves with frequencies higher than the threshold of the
human hearing range (>16 kHz) are used. The sound waves generated by ultrasound
generate mechanical energy disrupt the starch molecules, causing them to break apart
into smaller particles. The mechanical energy also creates microscopic bubbles in the
solution. These bubbles rapidly collapse, producing high pressure and temperature, which
can also contribute to the breaking of starch molecules into smaller particles. In addition,
the mechanical energy of the ultrasound also causes hydrodynamic stress in the solution,
which can contribute to the formation of small particles [54,68–70]. SNPs preparation by
ultrasonication uses a variety of powers, temperatures and times; in general, numerous
studies have used 24 kHz power for 75 min, with the increased ultrasonication treatment
time resulting in a decreased particle size [50,51]. Among various physical methods for
obtaining SNPs, ultrasonication is more advantageous because of the more optimal yield
produced than that obtained when using other physical methods. The yield produced
using the ultrasonication method is close to 100%, higher than the acid hydrolysis process
because the acid hydrolysis partially dissolves the material; of course, this method is very
promising because of the high yields, it does not use chemical reagents, and it is faster and
relatively simple, without purification steps [51,54].

3.2. Chemical Methods

The preparation of SNPs using chemical hydrolysis has been extensively studied.
According to Wang and Copeland [71], the first acid hydrolysis, which was applied by
Nageli, used sulfuric acid, whereas Lintner used hydrochloric acid as a solvent; at the
end of the 19th Century, both methods were commercialised to treat starch granules and
were carried out under gelatinisation temperature for a certain period to produce acid-
hydrolysed starch. The preparation of SNPs by acid hydrolysis considers several factors,
such as starch concentration, acid concentration, temperature, agitation and hydrolysis
duration [72].

Table 1 shows the general chemical preparation of SNPs. Hydrolysis of SNPs generally
uses optimal conditions, including 3.16 M H2SO4 or 2.2 M HCl and a 35–40 ◦C temperature
for 12 h to several days. Dularia et al. [38] reported that the preparation of water chestnut
SNPs by acid hydrolysis using 3.16 M H2SO4 for 7 days at 40 ◦C produced 27.5% SNPs.
Another study reported that the use of sulfuric acid in mungbean starch resulted in a 32.2%
yield of SNPs [55]. Maryam et al. [39] used 2.2 M HCl and produced a high yield of 80% in
sago starch. Angellier et al. [73] reported that the hydrolysis yield was lower when using
H2SO4 compared with HCl, with a lower time for SNP production; however, their method
showed a more stable final suspension with H2SO4 due to the presence of sulphate groups
on the surface of SNPs.

3.3. Enzymatic Methods

The enzymatic preparation of SNPs involves hydrolysis using enzymes. The com-
monly used enzymes include α-amylase, glucoamylase and pullulanase [72]. According to
Qiu et al. [27], the enzymatic method is the most efficient for starch degradation. The most
important thing in the conversion of starch by enzymatic hydrolysis is that the pullunase
enzyme can rapidly hydrolyze α-1,6-glycosidic bonds, releasing a mixture of linear short-
chain glucose units from the parent molecule amylopectin, and for hydrolysis treatment
by α -amylase, which causes random cleavage of α-1,4 -glycosidic bonds in amylose and
amylopectin chains. This enzymatic hydrolysis results in cracks and erosion of the starch
granules, resulting in a reduction in the size of the starch particles with the right degree of
enzymatic hydrolysis. [63,74,75].
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Kim et al. [74] reported that waxy rice starch hydrolysed using amylase had a large size
of 500 nm and an irregular shape. Irregularly shaped SNPs produced by enzymatic hydrol-
ysis are also found in waxy maize and lotus seed [62,75]. No study has reported the yield
of SNPs produced by the enzymatic hydrolysis method, probably due to the limitations
of research using this single procedure. However, SNPs preparation has been carried out
using combined methods with enzymes, such as enzyme hydrolysis–ultrasonication [62]
and enzyme hydrolysis–recrystallisation [40,64,76].

3.4. Nanoprecipitation

Nanoprecipitation, as a simple and the most commonly used technique to produce
SNPs, is carried out by the gradual addition of aqueous polymer solutions or successive
additions of nonsolvents to the polymer solution, which leads to the formation of nanoscale
particles [41,61]. For SNP preparation by nanoprecipitation, the starch molecular chain
must be completely dispersed in the solvent beforehand, and the process is mainly based on
the deposition of the biopolymer interface and displacement of water-miscible semi-polar
solvents from lipophilic solutions [61,77]. SNPs are usually prepared by the precipitation
of a starch paste solution using ethanol, propanol, isopropanol or butanol [27]. According
to Tan et al. [78], nanoprecipitation requires high levels of non-solvents, such as acetone,
ethanol or isopropanol, which will inhibit the production and application of SNPs. Some
previous studies have reported the nanoprecipitation preparation of SNPs from various
starch sources (Table 1).

Wu et al. [77] reported that the particle size of SNPs produced is influenced by the
proportion of non-solvent used in the nanoprecipitation method; that is, the particle size
decreases when the proportion of non-solvent increases. Qin et al. [6] observed that the
amylose–amylopectin ratio affects the characteristics of the resulting SNPs. Butanol can only
form a complex and precipitate with amylose, but not with amylopectin. The processing
of starch into shorter and more crystalline amylose via acid hydrolysis (lintnerisation) or
acid-alcohol hydrolysis is required for the production of nano-sized particles by butanol
complex [79,80]. The authors reported that the higher the amylose content of native starch,
the higher the relative crystallinity of SNPs, and the resulting V-type diffraction pattern is
derived from the single helical structure of the inclusion complex consisting of amylose
and ethanol [6]. Winarti et al. [65] reported that SNPs from arrowroot starch produced by
nanoprecipitation using butanol reached a yield of 20.65–23.8%.

3.5. Combined Methods

SNPs can also be prepared by combining various preparation methods. The combina-
tion of methods is intended to produce better SNP properties compared with those obtained
using a single method. As shown in Table 1, the combined method of acid hydrolysis–
nanoprecipitation using sago starch was reported by Maryam et al. [39]. This combined
method can produce SNPs with smaller sizes compared with those obtained using acid
hydrolysis alone. The authors reported that the addition of precipitation treatment for
12 h can provide a minimum particle size compared with that 24 h. This production was
carried out based on the properties of amylose, which can form inclusion complexes with
ethanol and n-butanol; the process triggered the formation of a single left helical struc-
ture as a result of the rearrangement of the starch structure, which was gelatinised. Acid
hydrolysis–nanoprecipitation with ethanol produces a higher yield than precipitation with
butanol [39].

Kim et al. [60] reported that the combined process of acid hydrolysis–ultrasonication
using waxy corn starch and acid hydrolysis using H2SO4 for 6 days at low temperature
(4 ◦C) can produce a hydrolysate that is resistant to ultrasonication treatment. Ultrason-
ication effectively broke down the starch hydrolysate produced. Previously turned into
nanoparticles, the yield reached 78% with a particle size of 50–90 nm. The combined
treatment of acid hydrolysis–ultrasonication can degrade lotus seed nanoparticles, which
showed a significant effect on the resulting size; the increase in ultrasonic power produced

10



Polymers 2023, 15, 1167

high crystallinity with small particle sizes by weakening the interaction of starch molecules
and destroying the amorphous regions [62]. Several studies have mentioned enzymatic
hydrolysis–recrystallisation; as reported by Qin et al. [6], hydrolysis with pullulanase
followed by recrystallisation at 4 ◦C on waxy corn starch increased crystallinity, produced
SNPs with particle sizes of 60–120 nm and attained high yields above 85% compared with
conventional hydrolysis. Enzymatic hydrolysis–recrystallisation of elephant foot yam
starch yields 56.66–61.33% [64].

4. Properties of Starch Nanoparticles

4.1. Amylose Content

Amylose content can affect the physicochemical properties of starch, such as gel
formation and adhesion. The amylose content may vary depending on the botanical
source of starch granules [16,81]. The development of SNPs can result in differences in
amylose content. Torres et al. [58] reported a drastic decrease in the amylose content of
acid-hydrolysed nanoparticles in Andean potato starch by up to 80% compared with native
starch; in addition, the combination treatment of hydrolysed SNPs with ultrasonication
showed a decrease in amylose content. The decrease in amylose content can be attributed
to hydrolysis, which eroded the amorphous regions consisting of amylose molecules,
compared with crystalline regions of starch granules which are generally more resistant
to hydrolysis [30]. The amylose and amylopectin ratio, the inter-chain organization and
the type of crystallinity pattern play a significant role in NSPs properties. Furthermore,
Bajer [82] reported that the influence of amylose content on nano-starch was crucial.

The preparation of arrowroot SNPs by nanoprecipitation with 5% butanol can increase
the amylose content; the amylose content will increase by precipitation with alcohol be-
cause only amylose forms complexes with these alcohols. However, the results showed
that the amylose content was not significantly different from that obtained with treatment
using butanol at a concentration of 10% [65]. In addition, nanoparticles can be produced
by physical preparation, such as HPH. This method triggers the destruction of the starch
structure by reorganising the crystal region outside the granule, which can free the amylose,
thereby increasing the amylose ratio [49]. Based on the work of Apostolidis and Man-
dala [49], the amylose content of corn starch obtained with this treatment can be influenced
by two factors (pressure/cycle). The higher the pressure and the more cycles applied to this
method, the greater the effect on the treated sample, where repeated treatments produce
new structural domains from amylose leaching.

4.2. Particle Morphology and Size Distribution

The morphology, structure and size distribution of SNPs can be characterised through
several testing techniques, such as atomic force microscopy, scanning electron microscopy
and transmission electron microscopy by controlling the preparation conditions [68]. The
morphology of SNPs may differ depending upon the botanical sources and preparation
methods [81]. Table 2 presents a variety of starch sources, preparation methods and
observations on the morphology and size of the tested SNPs.

Table 2. Morphological characteristics and size of SNPs.

Source Preparation Method Shape Size (nm) Ref.

Cassava Gamma irradiation Agglomerates 50 [47]

Cassava
Waxy maize Gamma irradiation Laminar

laminar Aggregates are formed
20

20–30 [46]

High amylose maize High-pressure
homogenization Aggregates and porous. 540 [49]

Green sago High-pressure
homogenization Spherical 23.112 [48]
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Table 2. Cont.

Source Preparation Method Shape Size (nm) Ref.

Cassava Ultrasonication Spherical 77.51 [52]

Quinoa
Maize Ultrasonication flaky and porous

flaky and porous
99

214 [54]

Waxy maize Ultrasonication Platelet-like 40 [53]

Waxy maize Ultrasonication Ellipsoidal 37 [50]

Waxy maize
Normal maize

High AM maize
Potato

Mungbean

Acid hydrolysis Round or oval shapes

41.4
41.0
69.7
43.2
53.7

[56]

Andean potato Acid hydrolysis Elliptical-polyhedral shape 132.56–263.38 [58]

Waxy rice Acid hydrolysis Round but
irregular 220–279.4 [59]

Unripe plantain fruits Acid hydrolysis Oval shape but fractured granules. NR [83]

Waxy maize
High amylose maize Acid hydrolysis flat elliptical

Round-polygonal
>500
268 [57]

Mungbean Acid hydrolysis slightly oval/irregular 141.772 [55]

Water chesnut Acid hydrolysis Irregular and rough surface 396 [38]

Sago Acid hydrolysis NR 789.30 [39]

Dry high-amylose corn
Pea

potato
Corn

Tapioca
Sweet potato
Waxy corn

Nanoprecipitation Spherical and elliptical

20–80
30–150
50–225
15–80
30–110
40–100
20–200

[6]

Potato Nanoprecipitation Spherical and elliptical 50–150 [66]

Arrowroot Nanoprecipitation non-granular morphologies with
porous 261.4 [65]

Green banana Nanoprecipitation NR 135.1 [37]

Waxy maize starch Nanoprecipitation Irregular 201.67 [40]

Tapioca Nanoprecipitation Spherical 219 [61]

Lotus seed Enzymatic hydrolysis irregular shapes NR [62]

Waxy rice Enzymatic hydrolysis Irregular shape 500 [74]

Waxy maize Enzymatic hydrolysis Irregular with erosion surface NR [75]

Sago

Combined acid
hydrolysis and

precipitation method
with butanol

Combined acid
hydrolysis and

precipitation method
with ethanol

NR

NR

7.57–178

21.98–97.50
[39]

Andean potato
Combined acid
hydrolysis and
ultrasonication

elliptical-polyhedral shape 153.63–366.76 [58]
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Table 2. Cont.

Source Preparation Method Shape Size (nm) Ref.

Potato
Combined acid
hydrolysis and
ultrasonication

Spherical 40 [84]

Waxy maize
Combined acid
hydrolysis and
ultrasonication

Globular 40–90 [60]

Tapioca
Combined

nanoprecipitation and
ultrasonication

Spherical 163 [61]

lotus seed
Combined enzyme

hydrolysis and
ultrasonication

irregular shapes with the uneven
surface 16.7–2420 [62]

Elephant foot yam Combination enzyme
and recrystallization irregular to spherical shapes 182.07–198.1 [64]

Waxy maize
Combined enzyme

hydrolysis and
recrystallization

Spherical
microscale coralloid aggregates 156 [40]

Waxy maize
Combined enzyme

hydrolysis and
recrystallization

Irregular 80–120 [63]

NR: Not Reported.

Based on various studies, SNPs can be round, flat, platelet, ellipsoidal or irregular
with cracked and porous surfaces. The differences in morphology depend on the botanical
source and preparation technique or modification of SNPs. The size distribution of different
particles also varies depending on the starch source, where the smaller the starch granules,
the smaller the nanoparticle scale produced [6,58,68]. A smaller nanoparticle size produces
different functional characteristics from standard particle size, which has led to their use in
various industrial developments [30]. Furthermore, amylose content can affect SNPs, with
high amylose content producing large nanoparticles [30].

Physical preparation methods for SNPs can be carried out with various treatments.
Numerous studies have used ultrasonication on cassava starch [52], quinoa and corn
starch [54], corn starch [53] and waxy corn starch [50,51], which resulted in the size distri-
bution of molecules and different morphological forms depending on the starch source and
the time and frequency of sonication treatment. Remanan and Zhu [54] reported that ultra-
sonication significantly disrupted the starch granule structure and crystalline properties of
starch. The reduction of granules to SNPs is influenced by the solvent composition used in
this method, such as water content, which is a prerequisite for destroying starch size [53].
Other studies have used gamma irradiation at a dose of 20 kGy on cassava SNPs, and
caused the formation of laminar aggregates with a large specific surface area; numerous
OH groups on the surface were connected by hydrogen bonds, with a resulting particle
size of 30–50 nm [46,47]. Physical treatment can be carried out using HPH. Apostolidis and
Mandala [49] reported an increase in pressure, and the homogenisation cycle led to a more
considerable size reduction, which was effective for starch breakdown. These results are
also supported by research conducted on sago starch, where the treatment of five cycles of
HPH resulted in a significant reduction in size [29].

Based on the research by Jeong and Shin [59], granule size decreased along with the
increased days of acid hydrolysis treatment. Kim et al. [56] reported that the nanoparticles
produced in hydrolysis using acid caused erosion of the amorphous lamellae and the release
of nanocrystal components. During this treatment, the molecular distribution expanded
as the hydrolysis time progressed due to surface erosion fragmentation during stirring,
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the hydrolysis process and agglomeration, which resulted in irregular shapes [83,85]. The
resulting nano starch is diverse with different morphological characteristics of starch, which
can be attributed to the biological origin and physiology of plant biochemistry [55].

Based on several studies that carried out the nanoprecipitation method on several
starch sources, most of the SNPs are spherical/elliptical/irregular, and others exhibit slight
aggression; SNPs occasionally show an uneven distribution with an average distribution
range of 30 nm to >250 nm [6,37,40,65,66]. The resulting differences occur due to differences
in starch sources, time and precipitation reagents used. Maryam et al. [39] combined the
acid hydrolysis method with the precipitation of sago starch. They produced a substantially
smaller molecular distribution than the acid hydrolysis treatment alone. In the precipita-
tion process with hydrophobic components, such as butanol and ethanol, when amylose
accommodates hydrophobic molecules, it will form a textured single helical crystal due to
the rearrangement of the gelatinised starch structure.

According to Foresti et al. [75], hydrolysis using enzymes in starch occurs through three
stages, namely, diffusion to the solid surface and adsorption until catalysis. The increase in
hydrolysis time increases the fraction of fragmented particles. Grain fragmentation can be
evidenced by a progressive reduction of the average grain diameter. Kim et al. [74] reported
that enzymatic hydrolysis by amylase causes the starch surface to crack and become porous,
which indicates that the enzyme penetrates the granules. They also concluded that the right
degree of enzymatic hydrolysis can reduce starch particle size, but excessive hydrolysis can
increase it.

4.3. Starch Crystallinity

The crystallinity level is the ratio between the mass of crystal domains and the total
mass of whole SNPs, the crystallinity of which is mostly ascribed to amylopectin [86,87].
The crystalline structure of starch can be observed using X-ray diffraction (XRD). Using
the X-ray diffraction pattern, starch can be classified into several types: A, B, C and V,
whereas for the low quality x-ray diffraction pattern, it has about 70% of the starch polymer
in an amorphous state [88,89]. The degree of crystallinity varies depending on the starch
source and preparation method used: A-types have double helices tightly packed and are
commonly found in cereal starches; B-types have a high amylose structure contained in
tubers, stems and fruits, the crystalline part of which is formed of six left-handed parallel-
stranded double helix packed in a relatively loosely packed hexagonal unit; C-types are
considered a mixture of forms A and B and present in leguminous starches; and V-types
can be observed during the formation of complexes between amylose and lipids [52,87].
Table 3 presents the crystallinity of SNPs from various preparation methods.

Table 3. Crystallinity of starch nanoparticles from various preparation methods.

Starch Source Preparation Method Crystallinity (%)
Crystalline Type

Ref.
Native Starch NSPs

Cassava
Waxy maize Gamma irradiation Decrease

Decrease
NR
NR

Amorphous
Amorphous [46]

High amylose maize starch High-pressure
Homogenization 7.8 B-type B-type [49]

Cassava Ultrasonication Decrease C-Type Amorphous [52]

Quinoa
Maize Ultrasonication Decrease

Decrease
A-Type
A-Type

Amorphous
Amorphous [54]

Waxy maize Ultrasonication - A-Type Amorphous [53]

Waxy maize Ultrasonication Decrease A-Type Amorphous [50]

High AM maize
Potato Acid hydrolysis 61.4

89.4
A-type
B-type

B-type
B-type [56]
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Table 3. Cont.

Starch Source Preparation Method Crystallinity (%)
Crystalline Type

Ref.
Native Starch NSPs

Andean potato Acid hydrolysis 42.2 B-type B-type [58]

Waxy rice Acid hydrolysis No change A-type A-type [59]

Waxy maize
High amylose maize Acid hydrolysis NR

NR
A-type
B-type

A-type
A-type [57]

Waxy maize Acid hydrolysis 53 NR A-type [46]

Sago Acid hydrolysis 36 NR NR [39]

Dry high amylose corn
Pea

Potato
Corn

Tapioca
Sweet potato
Waxy corn

Nanoprecipitation

39.8
31.5
26.3
23.2
19.3
20.7
7.1

B-type
C-type
B-type
A-type
A-type
A-type
A-type

V-type [6]

Potato Nanoprecipitation 23.5 B-type V-type [66]

Arrowroot Nanoprecipitation 28.36–45.12 A-type V-type [65]

Waxy maize Nanoprecipitation NR NR V-type [40]

Tapioca Nanoprecipitation 12.53 A-type V-type [61]

lotus seed Enzyme hydrolysis 65.07 B-type B-type [62]

Waxy rice Enzymatic hydrolysis NR A-type A-type [74]

Waxy maize Enzymatic hydrolysis Increase A-type NR [75]

Sago

Combined acid
hydrolysis and

precipitation method
with ethanol

Combined acid
hydrolysis and

precipitation method
with butanol

41

34

NR

NR

NR

NR
[39]

Waxy maize
Combined cid

hydrolysis
andultrasonication

27.68 A-type A-type [60]

Tapioca
Combined

nanoprecipitation
and ultrasonication

6.49–15.21 A-type V-type [61]

lotus seed
Combined enzyme

hydrolysis and
ultrasonication

57.5–61.3 B-type B-type [62]

Elephant foot yam Combined enzyme
and recrystallization 41.30–43.22 C-type B-type [64]

Waxy maize starch
Combined enzyme

hydrolysis and
recrystallization

NR NR B +V-type [40]

Waxy maize starch
Combined enzyme

hydrolysis and
recrystallization

45.28 A-type B +V-type [63]

NR: Not Reported.

Changes in the crystal structure of starch during the production of SNPs have been
investigated, and studies have confirmed that different modifications applied to various
starches will affect the category of starch crystallinity. SNPs made using physical treatments,
such as gamma irradiation, ultrasonication and HPH, showed a decrease in crystallinity
and an amorphous structure. Based on the research by Lamanna et al. [46], decreased crys-
tallinity and amorphous patterns were observed in cassava and waxy maize starches. In the
preparation using HPH, crystallinity also decreased due to the increase in homogenisation
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pressure applied to starch granules, but a crystalline B-type was maintained [90]. Moreover,
da Silva et al. [52] reported that ultrasonication affects the crystal structure, which results
in severe disruption of the crystal structure of amylopectin and the amorphous character of
the resulting SNPs. This result was also observed in the ultrasonication treatment of waxy
corn starch, which caused the loss of diffraction peaks; as a result, crystals were lost during
the ultrasonication fragmentation process [50,53].

The XRD patterns of all SNPs generated from nanoprecipitation showed V-type crys-
tallinity, which is unrelated to the native crystal type of starch [66]. The V-type crystallinity
is derived from the single helical structure of amylose and ethanol. In addition, gelatinisa-
tion in this method destroys the crystallinity of A, B and C-types, with most of the relative
crystallinity decreasing due to the weak crystallinity intensity of the single helix of SNPs
and low number of single helices during the nanoprecipitation process. The number of
single helices is low during the nanoprecipitation process [6,40]. Winarti et al. [65] reported
that nanoprecipitation of arrowroot using a butanol complex caused an increase in the
degree of crystallinity and a shift in the crystal from A to V-type. This shift in crystal type
caused a loss in starch integrity during gelatinisation [65,91]. Qin et al. [6] investigated a
positive correlation between the amylose content of starch and the relative crystallinity
of starch with high amylose content, which resulted in an increased crystallinity in this
nanoprecipitation treatment. The degree of crystallisation is influenced by the percentage
of amylopectin, chain length, crystal size, orientation of the double helix in the crystal
region and the degree of interaction between the double helix [64].

The SNPs obtained by acid hydrolysis of native starch granules have a higher crys-
tallinity than the parent granules [59]. A-type starch is more resistant to acid hydrolysis
than B-type crystals, where the crystal structure of B-type starch is more easily disturbed by
acid hydrolysis than B-type crystals. In addition, the degree of hydrolysis is not positively
related to the change in crystallinity as measured by X-ray analysis [56]. Furthermore,
Maryam et al. [39] explained that the hydrolysis period can affect starch content. Starch
crystallinity increases after hydrolysis, in which the hydrolysis process does not change
the pattern of starch crystallinity, but only changes its crystallinity index. This condition
indicates that hydrolysis only destroys the amorphous region to obtain more starch crystals.
SNP crystallinity in enzyme-hydrolysed starch causes a relative increase in crystallinity as-
sociated with extensive degradation, especially in the amorphous region of starch granules
(Foresti et al., 2014). In SNPs made from a combination of enzymatic hydrolysis followed
by recrystallisation, the relative crystallinity increases, and a B + V-type crystalline pattern
emerges [40,76].

4.4. Thermal Properties

The thermal transition behaviour of SNPs has been characterised using differential
scanning calorimetry and thermogravimetric analysis. These thermal analyses are critical
because they determine the conditions under which the use of SNPs is applied in industry.
The resulting behaviour will determine the appropriate processing conditions to produce a
final product that will remain stable [15,92]. Table 4 presents the thermal characteristics of
SNPs from various studies.

Table 4. Thermal characteristics of starch nanoparticles.

Starch Source Preparation Method Technique Result Ref.

Cassava, waxy maize
starch Gamma irradiation TGA

Degraded at a lower temperature than
native starch and sudden decrease in

weight loss
[46]

Green sago High-Pressure
homogenization TGA High degradation temperature [48]

Cassava Ultrasonication TGA/DSC SNPs are more thermally unstable and
have low gelatinization temperature [52]
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Table 4. Cont.

Starch Source Preparation Method Technique Result Ref.

Quinoa
Maize Ultrasonication DSC

To, Tp, Tc and ΔH decreased
To, Tp and Tc decreased but ΔH

increased
[54]

Waxy maize Ultrasonication DSC ΔH decreased [53]

Waxy maize Ultrasonication DSC ΔH decreased [50]

Waxy maize Normal maize Acid hydrolysis DSC Tp and Tc and ΔH, but To decreased [56]

Waxy rice Acid hydrolysis DSC Tp and Tc increased as the hydrolysis
time increased, but To and ΔT decreased [59]

Unripe plantain fruit Acid hydrolysis DSC
Tp, Tc and ΔT increased as the

hydrolysis time increased, but To
decreased

[83]

Potato Nanoprecipitation TGA Thermal degradation of SNPs started
earlier than for native starch [66]

Arrowroot Nanoprecipitation DSC Tp decreased, To and ΔH increased [65]

High amylose corn Nanoprecipitation DSC To, Tp and Tc decreased, but ΔH
increased

[6]
Potato Nanoprecipitation DSC To and ΔH decreased, but Tp increased

Pea
corn

Tapioca
Sweet potato
Waxy corn

Nanoprecipitation DSC To, Tp, Tc and ΔH decreased

Tapioca
Combined

nanoprecipitation and
ultrasonication

DSC To, Tp, Tc and ΔH decreased [61]

Elephant foot yam Combined enzyme and
recrystallization DSC Tp, To, Tc increased, but Tc decreased at

24 h of hydrolysis [64]

Waxy maize starch
Combined enzyme

hydrolysis and
recrystallization

TGA Maximum degradation temperature
decreased [63]

SNPs prepared using physical methods, such as gamma irradiation, show a low drop
in degradation temperature and a sudden weight loss. This finding is due to the initiation
of SNP degradation at the surface, which has a high amount of hydroxyl groups [46].
da Silva et al. [52] reported a decrease in the degradation temperature of ultrasonicated
cassava SNPs, which led to a lower thermal stability compared with that of native starch, in
addition to a decrease in gelatinisation temperature caused by the weakening of hydrogen
bonds in the amorphous region. According to Zhu [69], gelatinisation-associated SNPs
can be affected by starch-type composition and ultrasonication experimental conditions. A
decrease in gelatinisation enthalpy on ultrasonicated SNPs was also detected in quinone
and waxy maize starches [50,53,54]. After ultrasonication, reductions in crystallinity and
melting temperature were obtained due to disruption with starch particles. A significant
increase in hydrogen and Van der Waals bonds occurred [48]. The modification of sago
starch using high-pressure homogenisation caused a slight increase in the degradation
temperature, which indicates an increase in thermal stability of modified starch after the
treatment [48]. The combination method of enzyme hydrolysis followed by recrystallisation
decreases thermal stability [63].

The thermal properties of SNPs obtained with acid hydrolysis exhibit increased Tp
and Tc with the length of hydrolysis time, but a decrease in To after acid hydrolysis; the
distribution of long-chain amylopectin in waxy rice starch changes to produce nanopar-
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ticles [59]. Increased values of Tp and Tc and decreased To were also reported in waxy
maize, normal maize and unripe plantain fruit [56,83]. The decrease in To occurs due to the
separation of the crystalline region from the unstable amorphous region. An increase in
enthalpy was found in this treatment due to the rearrangement of the starch chain with the
increase in crystallinity. However, the enthalpy can decrease at prolonged hydrolysis times,
where differences in the susceptibility of the crystal region to hydrolysis may depend on
the origin and crystal structure of starch [56]. According to Ding et al. [93], the enthalpy
of an endothermic reaction reflects the number of crystals and double-helix chains that
affect the amylose–amylopectin content and length distribution of amylopectin molecule.
The thermal characteristics of various SNPs produced using the nanoprecipitation method,
which were studied by Qin et al. [6], showed a decrease in the enthalpy of gelatinisation due
to the single helical structure of nano starch being more susceptible to disintegration than
native starch. The highest gelatinisation enthalpy and stability were found in high-amylose
corn starch because it has a high amylose content and a high density of crystal structure [6].

4.5. Functional Properties

Several parameters have been used to examine the functional properties of SNPs.
Winarti et al. [65] observed the functional properties of the swelling volume and solubility of
arrowroot SNPs produced using the nanoprecipitation method with butanol; they showed
increases in swelling volume (5.28–7.92 g/g) and solubility (9.43–16.89%) compared with
the native ones. Other studies, such as those on potato and cassava SNPs obtained with
mechanical treatment, showed a significant increase in swelling volume [94]. Jeong and
Shin [59] reported that waxy rice SNPs prepared by acid hydrolysis method resulted in
a decreased water binding capacity. However, no significant change was observed as a
function of hydrolysis time.

4.6. Digestibility Properties

The digestion of starch granules is a complex process that includes the diffusion of
enzymes to the substrate, which affects substrate porosity, the absorption of enzymes
in starch-based materials and hydrolytic events. The in vitro digestibility of SNPs in-
creases compared with that of native starch, generally due to the increased surface area
of nano-sized starch [95]. Based on the research of Suriya et al. [64], the percentage of
SNP digestibility was increased to 41.29–43.24% by debranching with pullulanase fol-
lowed by recrystallisation for 12–24 h, with high starch digestibility resulting in shorter
retrogradation time. According to Ding et al. [93], the digestibility of starch can be af-
fected by the type of starch, particle size, crystallinity, amylose–amylopectin ratio and
retrogradation conditions.

Meanwhile, studies on the enzymatic digestibility of arrowroot SNPs obtained by
linearised method and butanol precipitation for 24 h caused a reduction in starch digestibil-
ity [65]. This finding was also observed in maize SNPs, which showed the lowest level
of hydrolysis that can be attributed to the compact structure of SNPs formed during the
recrystallisation of short-chain glucans; this condition resulted in an increased number
of short chains, which made enzyme digestion more difficult [96]. Studies on the per-
centage of resistant starch resulting from hydrolysis showed maximal values until day 8,
but the numbers drastically decreased on the next day in waxy rice starch [59]. Several
studies have shown that a low hydrolysis rate of SNPs results in numerous non-hydrolysed
SNPs. By contrast, acid hydrolysis digests recrystallise amorphous amylose to form a
new double-helical structure, which is highly crystallised against enzymatic degradation;
the formation of these SNPs is accompanied by crystallinity, which increases enzymatic
resistance [65,96,97]. According to Oh et al. [98], when the concentration of SNP increases,
digestion inhibition increases, in which SNPs change the secondary structure of and po-
tentially inhibit α-amylase; thus, SNPs have the potential to reduce glucose absorption
for diabetics.
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5. Applications

5.1. Pickering Emulsion

Emulsion systems are applied in various fields, such as food, medical, pharmaceu-
tical and cosmetic industries. However, the contact between water and oil is inherently
unstable and will break down over time. Starch is considered a promising alternative for
emulsion stabilisation because it is an abundant, cheap, non-allergenic material, and its
biodegradability meets the increasing consumer demand for plant materials; emulsion
stabilisers using starch have been applied in solid stable emulsions known as Pickering
emulsion [99]. Pickering emulsion consists of solid particles which have been used to
stabilize oil–water systems and monomer/polymers emulsions [100,101]. Pickering emul-
sions are often considered very stable due to the almost irreversible adsorption of the
particulate stabiliser interface [100]. The use of particles can be a new strategy for emul-
sion stabilisers in food, such as bio-based particles using starch; numerous studies have
shown that physical stability can be attributed to different stability mechanisms compared
with conventional emulsifiers [102]. Solid particles can generally stabilise oil droplets by
adsorption at the interface by accumulation to form a layer with high mechanical strength
and overall functional properties, as well as stable Pickering emulsion depending on the
oil–water interface [103]. The stabilisation of particles at the interface can affect barrier
properties, thickness, charge and interfacial tension, which affect the behaviour of the
resulting emulsion [104,105].

Nanostarch as a stabiliser of Pickering emulsion is promising because the emulsifying
capability of nano starch can be significantly improved through hydrophobic modifica-
tion [11]. In addition, the use of nano starch as a Pickering emulsion stabiliser has attracted
widespread attention because of its small size, wide surface area, non-toxicity, biocompat-
ibility, biodegradability, low cost and food-grade nature; thus, these starch particles can
be used as attractive stabilisers [11,103,106]. Wei et al. [107] reported that the larger the
size distribution of nanoparticles, the more stable the Pickering emulsion. Likewise, in a
previous study [108], the Pickering emulsion was stable at a high concentration of total
nanoparticles with a low oil ratio because a high number of particles were adsorbed to the
interface and formed a physical barrier, which resulted in small droplets. Nanoparticles act
as emulsion stabilisers by ensuring the homogeneous state of the emulsion. Nanostarch
particles used as Pickering emulsion have been extensively studied [11,34,109–113]. Table 5
presents various applications of nano starch to stabilize Pickering emulsions.

Table 5. Application of SNPs compared with SNCs as Pickering emulsion.

Type Starch
Aqueous

Phase
Oil Phase

Emulsion
Type

Emulsification
Method

Result Ref.

Maize SNC Water Paraffin o/w
Homogenization

(10,000 rpm,
4 min)

- The emulsion is very stable up
to 2 months of storage

- Creaming is wholly inhibited at
6% SNC concentration

[114]

Taro SNP NaCl MCT oil o/w
Homogenization

(12,000 rpm,
2 min)

Emulsion with the best stability at an
SNP concentration of 7% with an oil
fraction of 0.5, up to 28 days

[115]

OSA amaranth
and maize SNC

Phosphate
buffer pH 7

(NaCl 0.2 M)
Canola oil o/w

High shear
mixer

(22,000 rpm,
3 min)

the best emulsion stability on
amaranth OSA starch nanocrystals
(emulsion index 1.0 ± 0.02), for
10 days of storage

[116]

Waxy Maize
SNC Water Parrafin o/w and w/o

pH difference
using HCl or

NaOH, homog-
enization

(10,000 rpm,
4 min)

- Decreased droplet rate and
creaming as SNC increase

- pH has no significant effect on
creaming ability, but the
emulsion stability significantly
decreases at low pH

[117]
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Table 5. Cont.

Type Starch
Aqueous

Phase
Oil Phase

Emulsion
Type

Emulsification
Method

Result Ref.

Tapioca, corn,
and sweet

potato SNC
NaCl Soybean oil o/w

High-speed
homogenizer
(10,000 rpm,

2 min)

- Creaming index 18–22% with
emulsion drop size 29–32 m
after 1 year of storage

- Medium particle size produces
the best emulsion stability
(100–220 nm)

- Best emulsion stability on corn
starch suspension (2%) and oil
fraction (0.5)

[34]

Breadfruit SNC NaOH (0.1875
and 0.375 M) MCT oil o/w

Homogenization
(10,000 rpm,

5 min)

Treatment of 5% starch concentration
with 0.1875 M NaOH resulted in the
best starch stability for 2 weeks of
storage with the lowest cream index
and the smallest droplets.

[118]

Maize SNC Water Corn oil o/w
Homogenization

(20,000 rpm,
3 min)

- Addition of SNP >9.1% can
increase emulsion stability up to
95%

- Emulsions using SNPs with a
diameter of <30 nm produced
the best increase in instability

[99]

Waxy maize
SNC Water MCT oil o/w

High-speed
homogenizer
(18,000 rpm,

4 min)

No o/w emulsion phase separation
was detected during 30 days of storage [119]

Corn SNC Water Sunflower oil o/w
Homogenization

(12,000 rpm,
5 min)

No cream was observed in the
emulsion after storage for 6 months. [120]

Oxidation of
cassava, corn,
and bean SNC

Water Soybean oil o/w Homogenization
1 min

- Oxidated nanocrystals produce
a stable suspension for up to
21 days

- The addition of nanocrystals of
cassava starch produces the best
emulsion

[121]

o/w: oil in water, w/o: water in oil.

Li et al. [114] reported that Pickering emulsions made with the addition of 0.02 wt%
nanocrystals can remain stable for more than 2 months without droplet variations and
coalescences. Another study showed an increase in emulsion stability up to 28 days with the
addition of taro SNPs at 7% concentration. In addition, emulsion stability does not always
increase based on nanoparticle concentration because the resulting emulsion droplets
can agglomerate and disrupt the structure [115]. Octenyl-succinic anhydride (OSA) SNC
presents an increased emulsification capability compared with untreated starch due to the
formation of a superficial charge that can increase the repulsion forces between oil droplets
in the nanocrystals [116].

SNPs from acid-hydrolysed starch granules using H2SO4 or HCl can carry a surface
charge and can be used as Pickering emulsion stabilisers; the repulsion that occurs in
charged nanocrystals can play an important role in influencing the emulsion capability
of SNPs in dispersions [117]. H2SO4-hydrolysed SNCs are negatively charged due to
phosphate groups on the surface. When the pH is low, the electrostatic repulsion is reduced,
which results in droplet aggregation and an increase in particle size in stabilised emulsion.
However, the size of emulsion can be adjusted by changing the pH [117]. Haaj et al. [111]
stated that HCl can give a better effect by causing polymer dispersion, which results in a
smaller average size.
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According to Miao et al. [122], high-branching SNPs play a crucial role in the physical
stability of Pickering emulsions. A high-branching structure implies the stiffness of starch,
which results in a thick adsorbed layer around the droplets with excellent barrier properties
for a long time. Lu et al. [123] also reported that the stability capacity of SNPs depends
on the starch source, where normal corn starch showed a better stability compared with
high-amylose starch. The concentration of starch used in the emulsion can increase the
stability of emulsion associated with particles in the continuous phase, which increases
the emulsion viscosity and thereby inhibits the separation of the emulsion phase and
aggregation of oil droplets; as a result, the emulsion becomes more stable [118,124,125]. In
addition to the concentration of added nanoparticles, emulsion stability can be affected by
SNP type, size and hydrophobicity, where a small hydrophobicity contributes to increased
emulsion stability [34,99,126]. Figure 2 shows a graphical abstract of SNPs application as
Pickering emulsion.

Figure 2. Application of starch nanoparticles as Pickering emulsion.

5.2. Bioplastic Filler

At present, plastics are increasingly and excessively used, which results in a neg-
ative impact on the environment and ecosystems. Therefore, efforts should be exerted
to develop more eco-friendly plastics, such as bioplastics composed of biodegradable
biopolymers. However, in general, bioplastic products have drawbacks, such as high
permeability to water and oxygen, brittleness, low melting points, low mechanical strength,
susceptibility to degradation during product storage or use and non-resistance to chemical
compounds [127].

Bioplastics are produced from the fusion of biopolymers, plasticisers and fillers; ad-
ditional components in the form of fillers, such as starch, can be used to improve the
characteristics of bioplastic packaging [128,129]. The production of biopolymer nanocom-
posites containing fillers with nano-dimensions is one of the newest methods used to
improving the functional properties of biopolymer films; the use of nanofillers in biofilms
increases gas and thermal resistance [130]. The incorporation of nano starch from different
botanical sources in packaging films as reinforcement components or polymer matrix fillers
has been widely studied [96,131,132]. Starch has a good capability to make biodegradable
films because of its suitable mechanical properties in bioplastic production [33]. The use of
nano starch as a nanofiller can increase the modulus of elasticity and tensile strength and
decrease elongation at break and water vapor permeability (WVP) [92]. Table 6 presents
several applications of nano starch as fillers in bioplastics.
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Table 6. Application of SNPs compared with SNCs as Fillers in Bioplastics.

Manufacturing
Technique

Bioplastic Composition Result Ref.

Casting Pea starch (5 g) + glycerol (1.5 g) + waxy maize
acid hydrolysis SNC (5%)

There was a decrease in elongation, YM and TS
by 57%, 305%, 73%, respectively. WVP

reduction up to 62%
[133]

Casting PU resin (polyurethane) + maize corn acid
hydrolysis-ultrasonication SNP (20%)

The addition of 20% SNPs reduces WVP to 60%
and oxygen permeability decreases to 75%.

There was an increase in the value of Tg, Tm,
and ΔH

[134]

Casting Corn starch (7.5 g + glycerol (3 g) + taro
enzymolysis SNP (10%)

Decrease in elongation and WVP by 24% and
56%, respectively, an increase in TS 161%.

There was an increase in the value of Tg, Tm,
and ΔH

[135]

Casting Amanduble starch + glycerol + amadumbe
acid hydrolysis SNC (2.5%)

There was an increase in TS of 62% and a
decrease in WVP of 8.7%. There was an
increase in the value of Tg, Tm, and ΔH

[136]

Casting Potato starch + glycerol + amadumbe acid
hydrolysis SNC (2.5%)

There was an increase in TS 288% and a
decrease in WVP 11% [136]

Casting Polycaprolactone (PCL) + corn SNP (5%)
There was a decrease in the elongation value of

9%, an increase in YM 12% and TS 44%. Tm
and ΔH decreased

[137]

Casting Waterborne polyurethane (WPU) + pea SNC
(10%)

The addition of SNCs by 10% showed a
decrease in elongation by 27%, but there is an

increase in TS and YM by 169% and 3733%,
respectively

[138]

Casting Cross-linked cassava starch + glycerol 2.5 g) +
cassava SNC (6%)

Increase in young modulus and tensile
strength, but decrease in elongation and water

vapor permeability
[139]

Casting Composite sago starch + sago SNP (6%) Increase in elongation, YM and TS by 34%, 9%
and 8%, respectively. WVP decrease up to 51% [48]

Extrusion
PBA/TPS (70:30) + glycerol (7.5%), citric acid

(0.6%), and stearic acid (0.3%) + cassava
gamma irradiation SNP (0.6%)

There was an increase of about 20% in YM and
TS. Tg: −34 ◦C and Tm: 117 ◦C [47]

Extrusion
PBA/TPS (70:30) + glycerol (7.0%), citric acid

(%) and stearic acid (0.3%) + cassava
ultrasonication SNP 1%

The addition of 1% SNP can increase
elongation by 35%, YM by 36%, TS by 27%,

and decrease WVP up to 21.3%
[52]

YM: young modulus; TS: tensile strength; WVP: water vapor permeability; PBAT: polybutylen adipate-co-
terephthalate; TPS: thermoplastic starch.

The addition of SNPs filler can be used as the main feature to obtain effective me-
chanical and thermal strength in the manufacture of bioplastics, where a structural change
occurs in the resulting product. According to Al-Aseebee et al. [140], the mechanical prop-
erties of bioplastics are influenced by the interaction between the nanofiller and the matrix
because nanoparticles have a large surface ratio. In general, in most cases, the modulus
of elasticity and tensile strength increase, which is related to the decreased percentage of
elongation in bioplastics produced by the addition of SNPs; similar results can be found
in the manufacture of bioplastics using casting methods or other methods, such as extru-
sion [30,47]. The percentage of elongation related to the difference in stiffness decreases
due to the interaction between the matrix and the processing agent [135]. The improvement
of mechanical properties of the resulting nanocomposite films can be attributed to the
structure and stiffness of nanoparticles, which limit the movement of starch chains [36,141].

In general, the increase in tensile strength with increased concentration of starch
nanofillers is considered a result of the strong interactions between the filler and reinforcing
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matrices. According to Hakke et al. [134], the concentration of nanofillers increases the
tensile strength resistance and flexural stress resistance of bioplastics, but the use of fillers
decreases by more than 25% due to agglomeration of SNPs, which causes repulsion between
the filler and the matrix. The authors also explained that the addition of nanofiller SNPs can
induce interactions in the polymer matrix, such as hydrogen and non-covalent bonds; the
increase in % elongation with the increase in SNP concentration also results in an increased
Young’s modulus of elasticity, which is higher until agglomeration begins, and nanofiller
SNPs are distributed. The hydroxyl groups are uniformly connected to the surrounding
polymer matrix, which provides additional strength to the applied force [134].

The interaction of filler and matrix in bioplastic packaging forms a strong bond, which
causes difficulty for air and water vapor to penetrate through the film [142]. According
to Hakke et al. [134], an increase in the concentration of added SNPs will increase film
compactness; therefore, the more compact the resulting film, the longer the time required
for water vapor and air to penetrate the matrix. The composition of bioplastic constituents
used significantly determines the permeability of the resulting packaging; the higher
the concentration of filler used, the denser the structure inside the packaging; thus, the
packaging pores will be smaller, which causes difficulty for water vapor and air to penetrate
the packaging walls [134,143].

Hakke et al. [134] reported a decrease in WVP along with the addition of SNP at
a certain concentration; the addition of 20% SNP caused a 60% reduction in WVP; in
addition to SNP concentration, temperature affected the WVP produced. According to
Mukurumbira et al. [136], the presence of SNCs reduced the water affinity of the film,
which formed between the starch matrix and nanocrystals, where the SNCs and starch
film exhibited the same polarity; thus, the interaction of SNCs with the water matrix was
minimal. In addition, the presence of dispersed SNCs created a winding path for the
movement of molecules, and as a result, the longer diffusion path of water molecules
affected the reduced permeability [133,135]. However, in the study of Li et al. [133], the
addition of SNCs above 5% caused a slight increase in VWP, possibly due to aggregation;
thus, SNCs failed to effectively prevent the migration of water molecules. Likewise,
Ahmad et al. [48] showed an increase in WVP when the addition of nanoparticles was
above 8%; this finding can occur when the use of filler exceeds the maximum concentration.
Excess nanoparticles increase the water affinity of starch due to the abundance of hydroxyl
groups and the high possibility of agglomeration in the filler [144,145].

According to Mukurumbira et al. [136], the thermal properties of nanocomposites
are an important factor in determining suitable processing conditions. The increase in
the composite film’s thermal stability indicates the strong interaction between SNCs and
the film [136]. An increase in melting temperature was observed with the addition of
nanocrystals, and a decrease in film enthalpy was noted with the increased concentration of
SNCs to the starch film; this finding may be due to SNCs inhibiting the lateral arrangement
of starch chains and the crystallisation of starch films [133,136,143].

Basavegowda and Baek [31] reported that the mechanism of action of SNPs as a filler
for increasing stability is the interaction between the filler and the matrix, which forms a
barricade barrier that can inhibit the transfer of heat and energy. Hakke et al. [134] reported
that the values of Tg, Tm and ΔH increased along with the addition of filler; the increase
in ΔH can be associated with the interaction of active nanoparticle starch granules and
binding to the packaging matrix; therefore, the increased changes in the polymer results
in the increased energy requirement to change the bioplastic polymer; the investigation
also showed that increasing the concentration of corn SNPs in the polyurethane solution
can increase the cohesiveness of the resulting film. The glass transition temperature and
nanocrystals increased, which was associated with the absorption of strong polymer chains
on the nanocrystal surface; as a result, the polymer chain matrix bonds were formed [136].

According to Zou et al. [138], Tg and Tm can be affected in two opposite ways, in-
cluding movement of the soft segment, which can be suppressed by steric resistance from
nanocrystals, and hydrogen bonds on the surface of SNCs, which cause Tg and Tm to move
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to a higher temperature. On the other hand, the addition of SNCs may cleave the native
interactions of soft and hard segments, which results in changes in the microphase matrix
structure, where the soft segments can escape from the binding of hard segments, which
causes a decrease in Tg and Tm [138].

5.3. Antimicrobial Agent

Raigond et al. [146] reported that incorporated nanoparticles can be used as antimi-
crobial agents that can improve food safety by minimising the growth of pathogenic
microorganisms. Nanoparticles with a large surface area allow more microorganisms to
adhere, which increases antimicrobial efficiency. SNPs can be developed for the compart-
mentalisation of active substances, such as stabilising antimicrobial compounds, which are
known for their effectiveness [59,147]. Hakke et al. [134] reported that the addition of 5%
SNPs to the manufacture of nanocomposites can attain the maximum reduction in bacterial
resistance because the uniform distribution of SNPs in polyurethane solution can reduce
the overall pore size of the film. In another study, the addition of SNPs to the stabilisation of
potassium sorbate resulted in a retention capacity between 41.5–90 mg/g, which indicates
that the added SNPs can be used as antimicrobial agents in food systems [148].

Qin et al. [149] showed that SNPs can significantly increase the antibacterial activity
against S. aureus and E. coli from curcumin. Furthermore, Nieto-Suaza et al. [150] reported
the preparation of films with banana starch and aloe vera with the addition of acetate
SNPs and curcumin; the authors speculated that the resulting films could control microbial
growth by increasing antibacterial activity in food products. Another study on nano starch
loaded with carvacrol showed a good antimicrobial activity; that is, a 62% reduction in
microbial growth of E. coli, 68.0% in Salmonella typhimurium and other tested bacteria [151].
Increased antibacterial activity was also found in SNPs loaded with polyherbal drugs [152].

Furthermore, Dai et al. [153] reported that the added nanoparticles can destroy bac-
terial cell walls and membranes, which results in the antimicrobial effect of bacterial
apoptosis. The addition of 0.5 mg/mL starch to antibiotics increased the inhibition zone
against S. pyogenes. Thus, SNPs can be used to increase the effectiveness of antibiotics [154].
Qin, et al. [155] concluded that branched SNPs obtained by ultrasonication can be used
as an antibacterial enhancement factor in encapsulating epigallocatechin gallate (EGCG),
especially against E. coli.

5.4. Fat Replacer

SNPs can be applied as an imitation or substitute for fat in food [92]. Fat substitutes
act as imitators of triglycerides but do not replace fat on a gram-for-gram basis [30,41]. The
particle size of starch is important in determining organoleptic tastes, such as the taste of
fat in the mouth. Small-sized SNPs can be promising fat substitutes, and the mixing of
SNPs with other components, such as smooth cream, produced properties similar to those
of fats [41]. In addition, fat substitutes will decrease calorie levels [30].

Kaur et al. [156] reported that corn SNPs can replace fat in salad dressing products by
up to 60% without reducing their quality characteristics. Another study revealed that using
sweet potato SNPs as a substitute for fat in ice cream products allowed fat reduction, which
is beneficial for low-fat ice cream production. The authors concluded that the application of
SNPs can produce superior-quality products; that is, it significantly improved the texture
of ice cream, which gained the approval of panellists [157]. Characteristics of fat substitutes
can improve emulsion stabilisation, as shown in the study of Javidi et al. [120]. The authors
revealed that fat replacement using corn SNCs resulted in a decreased droplet size and
an increased zeta potential, which could be used to produce more hydrogen bonds; thus,
the network between droplets formed was substantial. Nano starch as a fat substitute is
useful as a stabiliser for oil–water emulsions. Considering its biodegradability, nano starch
is promising in the food industry concerning public health [120].
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5.5. Encapsulating Agent

SNPs can be applied in encapsulation systems, which are an attractive alternative for
bioactive compounds [32,35]. The use of nano starch as a superior encapsulation material
is due to its biocompatibility, low viscosity at high concentrations, large surface area, non-
toxicity, low cost and ideal trapping of bioactive materials [26,86]. Several food ingredients
and pharmaceutical application materials have been encapsulated using SNPs [158–162].
Table 7 presents several applications of SNPs as encapsulation agents.

Table 7. Application of native and modified SNPs as encapsulation agents.

Type of Starch Preparation Method
Encapsulation

Compound
%Encaptulation

Efficiency
Ref.

a. Native starch

Banana starch Nanoprecipitation Curcumin 85.23 [37]

Waxy maize Nanoprecipitation Polyphenols 60–70 [163]

Quiona Nanoprecipitation Piroxicam 84 [164]

Insoluble porous starch Nanoprecipitation Paclitaxel 73.92 [165]

Soluble SNPs Ethanol precipitate Vitamin E 91.63 [166]

Horse chestnut
Water chesnut

Lotus Stem
Acid hydrolysis Catechin

59.09
48.30

55
[167]

Quiona
Maize starch Ultasonication Rutin 67.4

63.1 [54]

Normal corn
high-amylose

Waxy corn
Ultrasonication Anthocyanin

52.5
45.5
49.4

[168]

Horse chestnut
Lotus Stem

Water chesnut
Ball milling Resveratrol

81.46
75.83
73.37

[169]

b. Modified starch

Acetylated Banana Nanoprecipitation Curcumin 82.23–92.12 [150]

Acetylated Banana Nanoprecipitation Curcumin 90.63 [37]

Acetylated corn Nanoprecipitation Ciprofloxacin 20.5–89.1 [170]

OSA Waxy maize Emulsion-diffusion Conjugated linoleic
acid >97 [171]

Debranched Waxy corn Enzyme hydrolysis with
pullulanase Epigallocatechin gallate 84.4 [172]

Debranched waxy maize SNPs Ultrasonication combined
with recrystallization Epigallocatechin gallate >80 [155]

According to Ahmad and Gani [169], encapsulation efficiency (EE) determines the
amount of core material trapped in the carrier material, and the percentage depends on
the number of compounds initially loaded during the encapsulation process. The highest
percentage of EE in starch without modification treatment was shown in vitamin E (VE),
with soluble SNPs reaching 91.63%; this finding also indicated that most of VE can be
trapped in SNPs [166]. Based on Table 7, the highest proportion of EE up to above 97% was
produced in conjugated linoleic acid (CLA) encapsulation using encapsulating agents from
waxy corn OSA nanoparticles; CLA was effectively trapped in nanostructured particles and
can be absorbed with the initial modification treatment, which will effectively increase the
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EE [171]. Likewise, the acetylation of banana SNPs shows a better capacity for curcumin
encapsulation than nanoparticles without acetylation [37].

The EEs of various SNPs are different [167]. The highest EE was found in horse
chestnuts, and it was caused by the smallest diameter size; small particles have better EE
and can form a better film around the core and retain encapsulated molecules [167,173].
Remanan and Zhu [54] reported that a difference in the efficiency of routine encapsulation
of quinoa SNPs with corn starch. The smaller particle size of starch quinone nanoparticles
with larger specific surface area and stronger adhesion may have contributed to the larger
EE, which resulted in better retention of rutin in the encapsulated system [174]. According
to Zhu [175], the routine encapsulation of nanoparticles can be caused by the formation of
non-inclusion complexes by hydrogen bonds, hydrophobic interactions and electrostatic
and ionic interactions. Molecular interactions occur between dissolved rutin and starch
chains mostly due to the presence of hydrogen bonds (between the hydroxyl group of rutin
with oxygen atoms from starch glycosidic bonds) [176].

Numerous researchers have argued that the difference in EE can be caused by dif-
ferences in the type of starch and the degree of interaction between starch molecules and
bioactive compounds, which can facilitate the incorporation of these compounds in starch
networks [54,177]. EE also depends on several other factors, such as the concentration
of core material, encapsulation reaction and synthesis process [178]. In general, the ap-
plication of SNPs as an encapsulating agent can increase the percentage of EE. However,
Ahmad and Gani [169] reported the encapsulation of resveratrol and SNPs at a ratio of
1:40, which resulted in a decrease in EE; this result is related to the high ratio of active
ingredients, which may not be completely trapped; thus, a decrease in the EE of resveratrol
in SNPs was observed. Qin et al. [155] reported that the length of ultrasonic irradiation of
unbranched SNPs to be encapsulated caused a gradual decrease in the EE of EGCG, but
the combination of irradiation and re-crystallisation techniques improved the EE. EGCG
encapsulation using debranched waxy corn with different treatments also increased the
EE [172].

6. Conclusions and Future Research

SNPs have been widely studied. They are found in various shapes and sizes based on
the starch source and size reduction method used. In general, the preparation of SNPs can
be classified into ‘top-down’ and ‘bottom-up’ methods. Starch-produced nanoparticles are
used as Pickering emulsions, bioplastic fillers, antimicrobials, fat replacers and encapsulat-
ing agents. Thus, these nanoparticles have the potential to be produced on a large scale
and further developed into food products.

The development of starch-based nanoparticles has attracted remarkable interest from
researchers because of their biocompatibility, non-toxicity, low cost and use as disinfectants.
SNPs have been extracted and tested from various botanical sources and developed using
different preparation methods. SNPs have been used in various applications, such as rein-
forcement in polymer matrices, Pickering emulsions, antimicrobial agents, encapsulating
agents, fat substitutes, etc., and caused increases in specific properties of the resulting
product. In the future, to further expand their application field, we can use SNPs to provide
new solutions, especially in food products, as a constituent component for the production
of more innovative products from organoleptic and utilisation perspectives, such as the de-
velopment of low-fat products and functional foods. Significant increases in the absorption
of bioactive compounds increase their bioavailability and bioactivity. Thus, further research
should optimise the production process of SNPs and determine the potential effects of
functional products from SNPs.
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Abstract: Over recent decades, poly(lactic-co-glycolic acid) (PLGA) based nano- and micro- drug
delivery vehicles have been rapidly developed since PLGA was approved by the Food and Drug
Administration (FDA). Common factors that influence PLGA particle properties have been extensively
studied by researchers, such as particle size, polydispersity index (PDI), surface morphology, zeta
potential, and drug loading efficiency. These properties have all been found to be key factors for
determining the drug release kinetics of the drug delivery particles. For drug delivery applications
the drug release behavior is a critical property, and PLGA drug delivery systems are still plagued
with the issue of burst release when a large portion of the drug is suddenly released from the particle
rather than the controlled release the particles are designed for. Other properties of the particles
can play a role in the drug release behavior, such as the glass transition temperature (Tg). The Tg,
however, is an underreported property of current PLGA based drug delivery systems. This review
summarizes the basic knowledge of the glass transition temperature in PLGA particles, the factors
that influence the Tg, the effect of Tg on drug release behavior, and presents the recent awareness of
the influence of Tg on drug delivery applications.

Keywords: glass transition temperature; PLGA copolymers; drug delivery; nanoparticles

1. Introduction

The application of polymeric particles in drug delivery has been rapidly developed
in the past several decades [1–9]. Particle-based therapeutics offer considerable benefits
compared with traditional pharmaceuticals, such as controlling release rates, overcom-
ing biological barriers, delivering hydrophobic drugs, and targeting specific sites [10–18].
Polymeric particles guard the encapsulated drugs from enzymatic reactions in order to
prolong the half-life of the encapsulated drugs [19–21]. The tunable size of the polymeric
particles enables the travel through cell membrane barriers [22–24]. Diverse manufacturing
approaches and surface modifications offer opportunities for the polymeric particles to
reach the desired organ, tissue, and cells, thus minimizing the toxicity at other sites [25–27].
All these benefits make polymeric particles a promising drug delivery strategy. Poly(lactic-
co-glycolic acid) (PLGA) has been proven to be a successful polymeric drug carrier and
widely used in drug delivery, tissue engineering, and cancer therapies [28,29] due to its
biocompatibility and biodegradability. Currently, more than 20 different PLGA formula-
tions have been approved by the U.S. FDA [30]. PLGA undergoes a hydrolysis process in
body fluid and generates biodegradable metabolite substances, lactic acid and glycolic acid,
which can be eliminated by the human body [31]. Additionally, the availability of different
PLGA polymer degradation rates, ranging from days to months, can be used to design
an appropriate release profile, keeping the drug concentration between maximum toxic
concentration (MTC) and minimum effective concentration (MEC), and increasing patient
compliance. In order to achieve promised pharmacodynamics, biodistribution, and toxicity
levels, the key physicochemical properties need to be appropriately studied. Particle size,
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size distribution, surface morphology, zeta potential, and loading efficiency are most com-
monly characterized because these parameters are the key factors that determine the drug
release behaviors [32,33]. It has been proposed, however, that the glass transition temper-
ature (Tg) will also impact the drug release behavior of polymeric nanoparticles [34–36].
During this transition, the increased polymer chain mobility allows the drug molecule
to escape from the polymer chain entanglement, resulting in an increased release rate.
Notably, during the preparation of PLGA particles, the nature of PLGA copolymer, reactant
components, and manufacturing process will contribute to changes in the Tg (Figure 1) [37].

 

Figure 1. Flow chart of steps of manufacturing PLGA particles and their influence on particle proper-
ties [37]. Reprinted from Journal of Controlled Release, 329, Park, K.; Otte, A.; Sharifi, F.; Garner, J.;
Skidmore, S.; Park, H.; Jhon, Y.K.; Qin, B.; Wang, Y., Formulation composition, manufacturing process,
and characterization of poly(lactide-co-glycolide) microparticles, 1150–1161, Copyright (2021), with
permission from Elsevier.

Glass transition temperature (Tg) is usually defined as the temperature range where
the polymer transitions from a hard glassy state to a relative rubbery state and is normally
detected by the rapid change in heat capacity, specific volume, or stiffness. The Tg is an
important indicator of the physical properties of semi-crystalline and amorphous polymers.
During the glass transition, the disordered chains in the amorphous portion start to escape
the entanglements, increasing the polymer mobility on a macro scale which results in a
soft rubbery substance. It has been well studied that during the glass transition, specific
enthalpy, specific volume, thermal expansivity, motions of the polymer chain, and other pa-
rameters experience a dramatic change [38–42]. Notably, previous literature demonstrated
that the Tg of drug loaded PLGA particles ranges from 30 ◦C to 60 ◦C [43,44], indicating that
PLGA particles could undergo a glass transition in a 37 ◦C drug release environment. The
substantial change in PLGA particle physicochemical properties could lead to a different
drug release rate from the particle matrix and an uncontrolled release profile. Nevertheless,
even though the drug release kinetics has been frequently investigated by researchers with
respect to the physicochemical properties of PLGA copolymer, drug type, manufacturing
process, and post-treatment, there is significantly less literature focusing on associating
drug release kinetics with the Tg of PLGA particles.

Quite a few reviews have recently been reported about PLGA nanoparticles in drug
delivery. Mir et al. summarized the application of PLGA nano carriers in cardiovascular
diseases, inflammatory disease, neurodegenerative diseases as well as cancer therapy and
theragnostic [45]. Xu et al. provides a review on experimental observations and theoretical
models, inferring the relation between the manufacturing factors and drug release pro-
files (Figure 2). These include the inherent properties of the PLGA polymer, influence of
the drug loaded into the particle, processing parameters, and release environment [46].
Ding et al. presented the approaches of PLGA particle preparation, which could be classi-
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fied as emulsification-solvent evaporation, nanoprecipitation, microfluidics, spray-drying,
and phase separation [47]. Rezvantalab et al. summarized passive targeting, active target-
ing, and magnetic targeting for PLGA drug delivery nanoparticles for cancer treatment. In
addition, PLGA nanoparticles can be used with other therapies, such as magnetic hyper-
thermia, photodynamic and photothermal therapy, and gene therapy [48]. Ghitman et al.
provided the comparison between the traditional approach of preparing PLGA-lipid nano
vehicles and novel approaches, which were soft lithography and spray drying. Ghitman’s
review highlights the current challenges to fully understand the physicochemical properties
of the nanocarriers and the interaction of targeting sites to determine the toxicity level
and clinic safety [49]. Cunha et al. investigated the application of PLGA nanocarriers in
neurodegenerative diseases, specifically the potential for PLGA nanocarriers to transport
neuroprotective medicines across the blood-brain barrier [50]. Though many reviews exist
exploring PLGA’s role as a drug delivery vehicle, none exist that take the glass transition
temperature of the particles into account. This review summaries the factors that influence
the Tg of the PLGA copolymer, bare particles, and drug loaded particles. In addition,
the connection of glass transition of PLGA particles and drug release behavior are dis-
cussed in terms of the mobility of PLGA particles, the physical ageing effect, and surface
reconfiguration.

Figure 2. Link between the related parameters and the rate of drug release from PLGA carriers [46].
Reproduced with permission from Xu, Y. et al. Journal of Biomedical Materials Research Part B:
Applied Biomaterials, published by John Wiley and Sons, Copyright 2017.

2. Glass Transition Temperature of PLGA Particles

2.1. PLGA Copolymer

PLGA is a linear random copolymer consisting of D,L-lactide and glycolide, which is
usually prepared by polycondensation reaction and ring-opening polymerization of the two
monomers (Figure 3) [51,52]. The physicochemical properties of the PLGA copolymer used
in preparation are the determining factors of the properties of the PLGA particles, including
monomer ratio, molecular weight, crystallinity, and end groups [35,53]. In addition, the
final PLGA products are also affected by the approaches, reaction environment, and process
parameters [54]. The molar ratio of the two monomers in the PLGA chains determines many
physicochemical properties, such as the glass transition temperature, degradation rate,
hydrophobicity, and degree of crystallinity [55,56]. In general, the Tg of PLGA increases
when the copolymer has a rich content of PLA. Peter In Pyo et al. reported that, among four
different ratio PLGAs, PLGA with a ratio of lactide to glycolide of 90:10 (PLGA90:10) had the
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highest Tg while PLGA with a ratio of 50:50 (PLGA50:50) had the lowest Tg of 35.7 ◦C [57].
Brostow et al. developed an equation to predict the glass transition temperature of physical
mixtures of binary systems and copolymers [58],

Tg = x1Tg1 + (1 − x1)Tg2 + x1(1 − x1)×
[

a0 + a1(2x1 − 1) + a2(2x1 − 1)2 + a3(2x1 − 1)3
]

(1)

where Tg is the glass transition temperature of the given sample, x1 is the weight fraction
of component 1, Tg1 is the glass transition temperature of component 1, x2 is the weight
fraction of component 1, Tg2 is the glass transition temperature of component 2, a0, a1, a2,
and a3 are parameters for the given copolymer or binary system.

Figure 3. Copolymerization of PLGA by ring-opening method [52]. Reproduced from Butreddy, A. et al.,
International Journal of Molecular Sciences, 22, 2021, under Creative Commons Attribution 4.0 Inter-
national License (http://creativecommons.org/licenses/by/4.0/ (accessed on 24 February 2022)).

It has also been reported that PLGA50:50 has the fastest degradation rate, which is due
to the high percentage of hydrophilic glycolide, enabling water to penetrate the particle
matrix and promote hydrolysis [59,60]. The Flory-Fox equation is a well-known empirical
equation that describes the relationship between the number-average molecular weight
and glass transition temperature, which was reported by Thomas et al. in 1950 [61]:

Tg = Tg,∞ − K
Mn

(2)

where Tg,∞ is the highest glass transition temperature for a given polymer under the
theoretical condition that the molecular weight is infinitely high, K is an empirical parameter
for a given polymer sample which is related to the free volume, and Mn is the number-
average molecular weight.

Briefly, Tg has a positive correlation with polymer molecular weight. As the polymer
chains become longer, the concentration of chain ends decreases in a unit volume result-
ing in less free volume between chain ends, thus the Tg becomes higher [62]. Lee et al.
illustrated that PLGA with molecular weight (MW) of 8000 g/mol has a Tg of 42.17 ◦C,
and as the MW increased to 110,000 g/mol, the Tg rose to 52.62 ◦C [63]. Additionally, the
crystallinity and the mobility of the polymer chain ends have a significant impact on free
volume, and the Tg rises as the degree of crystallinity grows or as the density of end groups
decreases [64–66].

2.2. Glass Transition Temperature of Polymeric Particles

When considering properties of substances at a nanoscale level, it is expected that the
properties will be different from those of the bulk material, often because of the greater
surface-to-volume ratio the nano substances have. Keddie’s group reported the first
systematic study on the size-dependent glass transition temperature of thin polystyrene
films supported by silicon substrates. In their work, three different molecular weight
polystyrenes were used to create thin films and their Tg was measured by ellipsometry. It
was found that the Tg dropped substantially when the film became thinner [67]. Raegen
et al. further investigated PS thin films on substrates under ambient, dry nitrogen, and
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vacuum environments (Figure 4) [68]. For all experiments, the Tg drop appeared with
decreasing film thickness suggesting that the Tg reduction in PS thin films was an intrinsic
property. The surface area to volume was greatly reduced in these thin films, however, the
two surfaces were different: one was the supporting substrate, and the other was a free
surface. In order to reduce the inequality from the free surface and interface of the thin film
and to better understand the interfacial effect on a polymer’s Tg, spherical nanoparticles
have been investigated by several research groups because a 3-dimensional geometry
reduces the interface to one and the increase of the surface area to volume ratio will exhibit
more obvious interfacial effects. Zhang et al. prepared polystyrene nanoparticles (PS NPs)
of different sizes and the Tg of the PS NPs suspended in water was measured by MDSC [69].
The results agreed with the trend of PS thin films, in which the PS nanoparticles of extremely
small size will show a significant reduction in Tg. It was well accepted that the Tg reduction
was caused by an enhanced mobile layer on the surface [67]. To further prove the interfacial
effects on Tg shift, they synthesized PS/silica core-shell structural nanoparticles, for which
the silica on the surface was defined as a hard shell. It was observed that the silica capped
nanoparticle samples did not have a size dependent Tg reduction, which reinforced the
conclusion that the mobile layer formed on the free surface will cause the Tg shift.

Figure 4. Tg of PS thin films under different measuring environment [68]. Reprinted by permission
from Springer Nature Customer Service Centre GmbH: Springer, The European Physical Journal E,
Effect of atmosphere on reductions in the glass transition of thin polystyrene films, Raegen, A.N.;
Massa, M.V.; Forrest, J.A.; Dalnoki-Veress, K., 2008.

Christie et al. investigated the effects of the measurement environment on Tg by
measuring the Tg of PS nanoparticles suspended in three different liquids: glycerol, ionic
liquid (1-butyl-3-methylimidazolium trifluoromethanesulfonate, [BMIM][CF3SO3]), and
water [70]. As shown in Figure 5, the Tg reduction of PS nanoparticles suspended in water,
ionic liquid and glycerol will have a strong, independent, and weak correlation with the size.
Also, the Tg reduction from particles suspended in water will be similar to those measured
in air, because the interfaces of water-PS and air-PS are considered “soft” due to their low
viscosities compared with the polymer. The higher viscosity of glycerol, however, will
inhibit the mobility of the glycerol-PS interface, resulting in a relatively inert polymer chain
in the mobile layer. When considering the suspension in ionic liquid, ionic interactions
dominate the mobility in the mobile layer because the positively charged [BMIM] molecule
will anchor onto the negatively charged PS surface, inhibiting the mobility of the polymer
chains at the interface.
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Figure 5. PS nanoparticles suspended in various liquids [70]. Reproduced with permission from
Christie, D. et al. Journal of Polymer Science Part B: Polymer Physics, published by John Wiley and
Sons, Copyright 2016.

Feng et al. proposed investigation in aqueous environments by preparing PS nanoparti-
cles from a nonionic surfactant (Brij 98) and an anionic surfactant (sodium dodecyl benzene
sulfonate (SDBS)) as well as surfactant-free particles [71]. A substantial reduction in Tg with
decreasing size of surfactant-free particles was observed which corresponded to previous
studies. Nanoparticle surface softness is critical in Tg characterization because of the high
surface area to volume ratio in nano-size materials.

These studies demonstrate that polymeric particles under confinement exhibit varia-
tions in Tg as a result of surface and interfacial effects. Due to the challenges associated
with residual surfactant, size distributions, and other factors, the size-Tg correlation has not
been conducted explicitly on PLGA particles; nonetheless, similar trends are expected to
occur in PLGA particles.

2.3. Drug Effect

PLGA particles are extensively employed for a broad range of drugs, including hy-
drophobic and hydrophilic drugs. Drugs that are hydrophobic are easier to encapsulate
in PLGA than those that are hydrophilic. Hydrophilic medicines often have lower drug
loading efficiencies because the drug molecules enter the aqueous phase before the PLGA
chains form into particles [72]. For loading hydrophobic and hydrophilic drugs into PLGA
microparticles, the most extensively utilized methods are emulsion-evaporation technique
(oil/water or water/oil/water) (Figure 6) [73–75]. The single emulsion technique involves
an organic phase which contains PLGA polymer and the hydrophobic drug in a suitable or-
ganic solvent and an aqueous phase which contains a stabilizer. Mechanical force provided
by ultrasonication is utilized to form an oil in water emulsion, and the organic solvent is
then extracted to solidify PLGA particles [76]. On the other hand, hydrophilic drugs are
usually encapsulated by a double emulsion technique to prevent diffusion of the drug into
the aqueous phase. The inner water phase containing the hydrophilic drug is added into
the PLGA solution to form a primary water-in-oil emulsion. Then the primary emulsion
is injected into the outer water phase with the presence of a stabilizer to create a double
emulsion. The final step is similar to the single emulsion process, which is to evaporate the
organic solvent to obtain PLGA particles [77]. Another conventional preparation of PLGA
particles is nanoprecipitation, which involves mixing a miscible solvent and stabilizer in
water [77]. During the diffusion of organic solvent into the aqueous phase, nucleation,
nuclei growth, and aggregation are expected to occur in order to form final particles [78].
Microfluidic technology is a novel method to produce narrow size distribution PLGA
particles with high drug encapsulation. A microfluidic chip is made up of micro size
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channels which ensures the mixing of inlet flows to be completed within milliseconds [33].
Electrospray jetting can also be utilized to prepare PLGA particles. Electrospray jetting
usually consists of a high voltage source, syringe pump, and collector. By adjusting the
voltage, distance between collector and syringe, and flow rate, a Taylor-cone forms at the
needle, which results in a stable spray. Solvent in the small droplets experience evaporation
and solid particles reach the collector [79].

Figure 6. Processes of loading hydrophobic drug (single emulsion) and hydrophilic drug (double
emulsion). Created in Biorender.com (accessed on 24 February 2022).

The drug type is tightly associated with drug release behavior, as hydrophobic
molecules have a significantly lower degree of initial burst release than other pharma-
ceuticals due to their poor water solubility [80–82]. Steven et al. demonstrated the influence
of a hydrophilic drug (aspirin) and a hydrophobic drug (haloperidol) on PLGA matrices
release behavior, and the results showed that the drug with higher water solubility (aspirin)
would give a relatively higher diffusion efficiency [83]. Apart from the influence of drug
release behavior, the drug type will also determine the glass transition temperature of
PLGA particles. Svenja et al. encapsulated flurbiprofen into 200 nm PLGA nanoparticles,
and found that as the encapsulation efficiency increased, the Tg of PLGA nanoparticles
decreased from 28.8 ◦C to 19.9 ◦C, and that the overall mobility was improved by a higher
flurbiprofen loading efficiency. Furthermore, they prepared mTHPP-loaded PLGA nanopar-
ticles and measured the Tg, which turned out to have no effect compared with the unloaded
PLGA particles. Due to the higher molecular weight of mTHPP molecules, the rigid chem-
ical structure, and relatively hydrophobic compounds, the mTHPP is unable to form a
tight association with the polymer, preventing the polymer chain from becoming more
mobile [34]. In order to investigate the plasticizing effect of different drugs in polymeric
system, Siepmann et al. prepared thin films with metoprolol tartrate, chlorpheniramine
maleate, and ibuprofen [84]. The experimental data illustrated that Tg of the thin films
decreased with the increased drug loading efficiency, which demonstrated that three
drugs acted as plasticizers in the polymeric system, where ibuprofen contributed the most
plasticizing effect (Figure 7). It is expected that drug molecules penetrate in the spaces
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between the polymer chains, which increases the free volume and decrease the Tg of the
polymeric system.

Figure 7. Plasticizing effects of drug types and drug loading efficiency [84]. Reprinted from Journal of
Controlled Release, 115, Siepmann, F.; Le Brun, V.; Siepmann, J., Drugs acting as plasticizers in poly-
meric systems: A quantitative treatment, 298–306, Copyright (2006), with permission from Elsevier.

Recently, it has become more common to report the measured Tg of particles used
for drug delivery applications. In this review, the Tg of PLGA nanoparticles from recent
literature loaded with a drug are listed, along with the size, preparation, measurement, and
heating rate, as shown in Table 1.

2.4. Water Content

Water is well established as a plasticizer in polymeric systems [91] and it lowers
the Tg of many polymers. Passerini et al. reported that undried PLGA particles contain
approximate 4.47% of moisture content and have a Tg of 27.7 ◦C, which is about 15 ◦C
lower than that of bulk PLGA polymer Notably, the dried particles which undergo 3 days’
lyophilization still contain 3.5% of residual moisture, and the Tg is 33.1 ◦C [92]. Susan et al.
further investigated the influence of water uptake on the Tg of PLGA polymers. After
incubation in 0.5% PVA solution, the dried PLGA polymer had a Tg approximately 15 ◦C
higher than the wet polymer, and Tg recovery was achieved upon removing the moisture
content (Figure 8). After 14 days’ incubation, lower PLGA chains were found, indicating
that degradation of PLGA occurred [93].

2.5. Residual Surfactant

Amphiphilic compounds are widely utilized in PLGA particle manufacturing pro-
cesses to generate monodisperse particles, reduce surface tension of the particles, and
avoid aggregation among the particles [94]. The interaction between PLGA chains and
other substances such as encapsulated drugs, trapped stabilizer, and residual solvent, will
eventually influence the mobility of the PLGA matrix [95]. Sahoo et al. reported that it
was quite challenging to remove the remaining poly (vinyl alcohol) (PVA) from PLGA
particles before freeze-drying. A logical explanation would be that PVA filled in the inner
pockets and coated the surface of PLGA particles [96]. The remining surfactant had an effect
on the particle parameters of PLGA particles, including particle size, zeta potential, size
distribution, surface hydrophobicity, and protein loading, and also had a modest effect on
the encapsulated protein’s in vitro release. According to their report, the weight percentage
of residual PVA could be up to 5% of PLGA particles prepared by emulsion-solvent evapo-
ration technique [96]. Spek et al. illustrated the residual PVA present in PLGA particles
by 1H nuclear magnetic resonance spectroscopy (NMR), which turned out to be 9.9 wt.%
from the bulk of the particles. For the PEG-PLGA particles, PVA content could be as high
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as 35 wt.% on the particles surface based on the X-ray photoelectron spectroscopy (XPS)
results [97]. In order to demonstrate the surfactant effect on the Tg of polymeric particles,
Feng et al. prepared PS nanoparticle with Brij 98 (nonionic surfactant) and sodium dodecyl
benzene sulfonate (anionic surfactant) as well as surfactant-free particles. A substantial
reduction in Tg with decreasing size of surfactant-free particles was observed which cor-
responded to previous studies. On the other hand, the PS nanoparticles prepared with
nonionic surfactant showed a weak correlation between size and Tg reduction while anionic
PS latex nanoparticles showed no correlation. The authors suggested that the incorporation
of surfactant into the mobile layer influenced the free volume, thus affecting the Tg of the
particles [71].

Table 1. Glass transition temperature of drug loaded PLGA nanoparticles.

PLGA
LA:GA
Mol wt.
(g/mol)

Diameter
(nm)

Model Drug Preparation Tg (◦C)
Measurement
Heating Rate

Ref.

50:50
7000–17,000

Around 200 None STM 1 39.35
DSC

10 ◦C/min
[85]Around 180 Atorvastatin STM 42.49

Around 170 None SUM 2 30.24
Around 190 Atorvastatin SUM 35.02

50:50
54,000–69,000

Around 240 None STM 47.66
DSC

10 ◦C/min
[85]Around 230 Atorvastatin STM 47.62

Around 225 None SUM 25.98
Around 180 Atorvastatin SUM 28.00

85:15
Unknown 391+/−160 Menthol W/O/W 48.0 DSC

10 ◦C/min [86]

75:25
14,000 3 162+/−3 None Emulsion-evaporation 32.7+/−0.2 DSC

5 ◦C/min [53]

75:25
32,000 3 155+/−5 None Emulsion-evaporation 37.6+/−0.2 DSC

5 ◦C/min [53]

75:25
32,000 4 213+/−18 None Emulsion-evaporation 37.2+/−0.4 DSC

5 ◦C/min [53]

75:25
14,000 4 238+/−18 None Emulsion-evaporation 24.8+/−0.6 DSC

5 ◦C/min [53]

50:50
38,000–54,000

Unknown Enrofloxacin
Emulsification-diffusion

32.9+/−0.8 MDSC
5 ◦C/min

[87]Unknown None 31.26

62:38
18,400 282+/−43 Insulin Emulsification-diffusion 43.14 DSC

10 ◦C/min [88]

50:50
Unknown

211.9+/−2 Abiraterone acetate

Modified single emulsion

45.64
DSC

5 ◦C/min
[89]170.9+/−2.1 Docetaxel 45.93

256.3+/−9.4 Abiraterone
acetate/Docetaxel 46.61

50:50
Unknown

179+/−13 Rutin Single solvent
evaporation 46.19 DSC

5 ◦C/min
[33]

123+/−4 Rutin Microfluidics 44.03

75:25
Unknown Unknown Simvastatin Emulsion solvent

evaporation 51.5 DSC
10 ◦C/min [90]

Unknown

226.8+/−6.8 Flurbiprofen

Emulsion diffusion

28.8+/−0.6

DSC
20 ◦C/min

[34]

224.2+/−5.3 Flurbiprofen 26.9+/−0.5
222.8+/−4.8 Flurbiprofen 25.3+/−1.1
216.0+/−3.8 Flurbiprofen 22.4+/−1.5

223.3+/−11.7 Flurbiprofen 19.9+/−1.6
237.4+/−9.1 mTHPP 32.4+/−1.1

1 Standard method: modified emulsion diffusion evaporation method. 2 Sustainable method: modified solvent
displacement method. 3 PLGA polymer has acid terminal functional groups. 4 PLGA polymer has ester terminal
functional groups.
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Figure 8. Tg of PLGA under different post-treatment [93]. Reproduced from D’Souza, S. et al.,
Advances in Biomaterials 2014, 2014, under Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/ (accessed on 13 February 2022)).

3. Influence of Tg on Drug Delivery

3.1. Particle Mobility

Takeuchi et al. examined the effects of the glass transition temperature on drug
release behavior of drug loaded PLGA nanoparticles (Figure 9). 200 nm PLGA and PLLGA
nanoparticles were prepared with a Tg of 40.6 ◦C and 47.7 ◦C, respectively. The in vitro
drug release study was carried out by dispersing the drug-loaded nanoparticles into PBS at
37 ◦C. More than 90% of the drug was released from the PLGA nanoparticles in the first
two hours whereas only around 65% of the drug was released from PLLGA. The Tg of
PLLGA was 7 ◦C higher than PLGA and the crystallinity of these two samples was similar,
which demonstrated that the Tg strongly influenced the initial burst release [35].

Figure 9. Effect of Tg on drug release profiles [35]. Reprinted from Colloids and Surfaces A: Physico-
chemical and Engineering Aspects, 520, Takeuchi, I.; Tomoda, K.; Hamano, A.; Makino, K., Effects of
physicochemical properties of poly(lactide-co-glycolide) on drug release behavior of hydrophobic
drug-loaded nanoparticles, 771–778, Copyright (2017), with permission from Elsevier.
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Lappe et al. studied the correlation between Tg and the release profile kinetics by
comparing the release of two model drugs from PLGA nanoparticles at different temper-
atures (Figure 10). At the initial incubation temperature of 37 ◦C, the FBP-NPs reached
around 93% drug release within a short time. Even after shifting the release medium
temperature to 10 ◦C, the released amount of drug was constant at 19%. When the starting
temperature was 10◦C, only 70% of the drug was released after the first 24 h of incubation
time, and an addition of 23% drug release was observed upon the changing the temperature
to 37 ◦C. mTHPP-NPs had the same release behavior while the total amount of released
drug was lower than FBP particles, which was mainly caused by the drug type. This
study demonstrated that when the release medium temperature is lower than the Tg of the
nanoparticles, only the drug absorbed on the particle surface led to burst release, while at a
higher temperature, the entrapped drug would also contribute to the burst release [34].

Figure 10. Release behaviors of drug loaded PLGA nanoparticles at different release temperatures [34].
Reprinted from International Journal of Pharmaceutics, 517, Lappe, S.; Mulac, D.; Langer, K., Poly-
meric nanoparticles—Influence of the glass transition temperature on drug release, 338–347, Copy-
right (2017), with permission from Elsevier.

3.2. Physical Ageing of Particles

Polymers are naturally non-equilibrium substances when they are in glassy states.
During the process of cooling or solidification, polymer chains will reach a threshold
where the thermal energy is inadequate for the polymer chains to rearrange on the given
time scales [98]. As a result, the system loses its equilibrium and becomes arrested. The
temperature where the glassy state develops is a cooling rate dependent parameter. Theo-
retically, the equilibrium state of a polymer can be achieved with an infinitely low cooling
rate. Polymer in the glassy state, a non-equilibrium state, experiences a gradual relaxing
process in order to achieve an equilibrium state, which is referred to as physical ageing
or structural relaxation [99]. According to Figure 11, free volume decreases along with
structural relaxation of the polymer (path A to B). As shown in Figure 12, in response to
this phenomenon, the overall polymer matrix experiences shrinkage and micro spaces
are created by rearranging of the local chains, which results in wide distribution of local
density and helps the diffusion of water into the polymer matrix. Therefore, ageing time
is very important to determine the penetration of water into polymeric particles. The
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time (t∞) needed to achieve thermodynamic equilibrium can be described in following
equation [100]:

t∞ ∼ 100 × 10Tg− T
3 = 100 × e1.77(Tg−T) (3)

According to the equation, ageing time is associated with the difference between Tg of
a given polymer and ageing temperature (T).

The extraction of solvent and solidification of PLGA chains during particle preparation
is comparable to the process of quenching PLGA polymers [101,102]. Faster extraction of
solvent leads to quicker rearrangement of PLGA chains; thus, particles will have more
internal energy compared with those with slower extraction processes. The extra internal
energy of PLGA particles is the driving force to relax the system toward thermodynamic
equilibrium [103]. As mentioned before, when PLGA particles are placed in human body
fluids, structural relaxation can be completed within a short time when the Tg is close to
37 ◦C, which indicates that the micro spaces are created immediately after the administra-
tion of drug loaded PLGA particles. The improved water penetration will carry more drug
molecules and enhance the diffusion, which leads to the initial burst release. Therefore,
Kinam et al. stated that glass transition temperature and time it takes to complete structural
relaxation significantly influence drug release behavior at the early stage.

Figure 11. Explanation of structure relaxation in terms of free volume [104]. Reproduced from
Motta Dias, M.H. et al., Mechanics of Time-Dependent Materials, 20, 2016, under Creative Commons
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/ (accessed on 13
February 2022)).

 

Figure 12. Appearance of micro spaces during polymer ageing process [102]. Reproduced with
permission from Yoshioka, T. et al. Macromolecular Materials and Engineering, published by John
Wiley and Sons, Copyright 2011.

3.3. Surface Reconfiguration

Hydration is the first and most important phase in the drug release process since water
is required for drug disintegration and diffusion via the drug delivery system, whether
in the form of biologic fluid or in vitro release medium [105]. Studies have shown that
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water penetration into PLGA particles can be completed within seconds through the porous
structure [106]. The appearance of micro spaces during physical ageing of PLGA particles
improves water absorption, resulting in an initial burst release of the drug. Water, on the
other hand, acts as a plasticizer which decreases the glass transition temperature of PLGA
particles, thus PLGA particles would be softer than the dry polymer state [92]. In addition,
upon placement in release medium, a mobile layer forms on the particle surface, further
softening the structure. All these plasticizing effects lead to surface reconfiguration, which
closes the surface channels and inhibits the diffusion of drug and water penetration. This
could explain the observed relative slow release rate following the initial burst [107].

4. Conclusions

PLGA-based nanoparticles have received a great deal of interest as drug delivery
vehicles for a variety of therapeutic purposes. It has been shown that the Tg of polymeric
nanoparticles has an impact on the drug release behavior, despite the fact that this physico-
chemical feature is often absent from many pharmaceutical research investigations. This
review provides a comprehensive summary of variables affecting the Tg of the PLGA
copolymer, including molecular weight and monomer ratio. Additionally, research with PS
particles was highlighted to demonstrate the size effect on the Tg of polymeric particles and
how that could affect PLGA particles. Drug type, moisture content, and residual surfactant
are considerable parameters in altering Tg during drug release processes. Finally, the
connection of drug release and glass transition temperature are illustrated by three different
aspects, which are the mobility of PLGA particles, ageing time on structural relaxation,
and surface reconfiguration. The investigation into the effect of Tg on drug release reveals
that the Tg of PLGA particles may account for the majority of the drug release profiles
observed. In summary, the glass transition temperature, as an excellent indicator of drug
release profiles, could be utilized in manufacturing PLGA particles for designed controlled
drug release (Figure 13).

Figure 13. Tg is an inherent property of PLGA nanoparticles that can predict the drug release profiles.
Created with Biorender.com.
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Looking forward in the field, the Tg of particles for drug delivery should be reported
in literature as it is critical to the behavior of the particles. Additionally, the factors affecting
the Tg should also be routinely reported to bring reproducibility to the particle synthesis
process and consistent behavior in drug delivery applications.
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Abstract: Polymeric lipid hybrid nanoparticles (PLHNs) are the new generation of drug delivery
systems that has emerged as a combination of a polymeric core and lipid shell. We designed
and optimized a simple method for the preparation of Pluronic F-127-based PLHNs able to load
separately demethoxycurcumin (DMC) and bisdemethoycurcumin (BDM). CUR was used as a model
compound due to its greater availability from turmeric and its structure similarity with DMC and
BDM. The developed method produced DMC and BDM-loaded PLHNs with a size average of
75.55 ± 0.51 and 15.13 ± 0.014 nm for DMC and BDM, respectively. An FT-IR analysis confirmed
the encapsulation and TEM images showed their spherical shape. Both formulations achieved
an encapsulation efficiency ≥ 92% and an exhibited significantly increased release from the PLHN
compared with free compounds in water. The antioxidant activity was enhanced as well, in agreement
with the improvement in water dissolution; obtaining IC50 values of 12.74 ± 0.09 and 16.03 ± 0.55 for
DMC and BDM-loaded PLHNs, respectively, while free curcuminoids exhibited considerably lower
antioxidant values in an aqueous solution. Hence, the optimized PHLN synthesis method using CUR
as a model and then successfully applied to obtain DMC and BDM-loaded PLHNs can be extended
to curcuminoids and molecules with a similar backbone structure to improve their bioactivities.

Keywords: drug delivery; polymer-lipid hybrid nanoparticles; curcumin; demethoxycurcumin;
bisdemethoxycurcumin; Pluronic F-127

1. Introduction

In the last years, polymeric nanoparticles (PNs) have been one of the most studied
nanocarriers to achieve drug delivery challenges [1]. This nanosystem possess high struc-
tural integrity afforded by the rigidity of the polymer matrix [2]; therefore, presenting
advantages such as simple preparation and design, good biocompatibility, broad-structure
variety, and notable bio-imitative properties [3]. However, the main drawback of PN is their
low encapsulation efficiency of water-soluble drugs due to the fast leakage of the drug from
the nanoparticles during the high-energy emulsification step commonly employed in their
preparation [4,5]. In this scenario, the new generation of PN, the polymeric-lipid hybrid
nanoparticles (PLHNs) emerged as a combination of PN with lipid-derived nanoparticles.
It possesses the characteristics and the advantages of both polymer and lipid-based parti-
cles [5,6] and because of its hydrophobic matrix and hydrophilic core, it is possible to load
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both lipid soluble and water-soluble drugs within the same particle [5]. PLHNs consist
of a central polymer core that is surrounded by single or multiple lipids [7], in which the
therapeutic substances are encapsulated, an inner lipid layer enveloping the polymer core,
whose main function is to confer biocompatibility to the polymer core, and an outer lipid-
polymeric layer [5,6]. The outer coating acts not only as a barrier toward diffusion but also
prolongs the in vivo circulation time of PLHNs in systemic circulation [5]. In addition, the
inner lipid layer slows down the polymer degradation rate, and also maintains functions as
a molecular fence minimizing leakage of the encapsulated content during the preparation
and increasing drug loading efficiency [8]. The typical structure representation of a PLHN
is shown in Figure 1.

Figure 1. Schematic representation of PLHNs and chemical structure of Pluronic F-127, CUR, DMC, and BDM.

For drug delivery and PN preparation, poloxamers, a polyethylene oxide-polypropylene
oxide-polyethylene oxide (PEO-PPO-PEO)-based triblock, commercialized under the Pluronics®

trademark is one of the most used copolymers [9,10]. Its monomers can render an am-
phiphilic character in an aqueous solution based on the PEO solubility in water and the
PPO insolubility. The PEO blocks are thus hydrophilic, while the PPO block is hydropho-
bic [11,12]. Besides leading to surface active properties, the block segregation also gives
rise to self-assembly useful nanostructures [11]. Pluronic F-127 (PEO100–PPO65–PEO100)
is relatively non-toxic to cells and widely investigated because its great hydrophobic re-
gion favors micellization [13]. It is the preferred one among pluronics for drug delivery
applications due its high biocompatibility [14] and is approved by FDA as excipient in oral,
ophthalmic, and topical medicinal formulations [15]. In terms of formulation of nanopar-
ticles, Pluronic 127 possesses different functional attributes that subsequently influence
the core-shell lipid-polymer nanoparticulate system and directly affect the efficiency of the
delivery system [9]. Recent studies have shown the positive influence of Pluronic F-127 on
the loading enhancement of curcumin [15,16].

Turmeric has a great variety of curcuminoids which has generated interest in the last years
due to their recognized bioactivities including antioxidant, anti-inflammatory, anti-microbial,
anti-diabetic, and immunomodulatory [17–19]. Among them, bis-demethoxycurcumin (BDM),
demethoxycurcumin (DMC) and curcumin (CUR) are the most representative curcuminoids
in turmeric. CUR is the major component making up 80%, DMC 17%, and BDM 3% in
commercially available crude products [20,21]. Hence, CUR has been the most extensively
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studied curcuminoid and has been attributed a broad range of biological activities [22–25].
In addition, different types of nanosystems for drug delivery with several therapeutic appli-
cations have been applied to CUR [26–29], mainly in an effort to bypass the glucuronidation
pathway [17] but also to improve its low solubility and chemical instability [30]. The chem-
ical structures of the three curcuminoids are shown in Figure 1. The similarity in their
structures suggests that they may exhibit similar bioactivities. Indeed, there are reports
studying the anti-inflammatory and anticancer properties of DMC and BDM [31,32]. In
turn, evidence indicates DMC and BDM possess the same drawbacks compromising CUR’s
bioavailability [33,34]. Hence, these two curcuminoids are promising molecules for the
improvement of their limited bioavailability through PLHNs.

In this study, we designed and optimized a simple method for the preparation of
Pluronic F-127-based PLHNs able to load DMC and BDM individually using CUR as a
model molecule because of its major presence in turmeric. Processing parameters including,
ultrasonic probe, high-speed homogenization, mixing phases and homogenization speed
were evaluated. Organic and aqueous phase’s composition: lipid, drug loading, lipid-
drug ratio, organic solvent, surfactant, and polymer amount were investigated. The
developed method was applied to obtain DMC and BDM-loaded PLHNs. In addition, the
characterization of the nanoparticles using the FT-IR spectroscopy, DLS TEM and DSC, and
the evaluation of their in vitro release and antioxidant activity, were performed.

2. Materials and Methods

2.1. Materials

Curcumin (CUR), demethoxycurcumin (DMC), and bisdemethoxycurcumin (BDM)
were obtained and isolated from Curcuma longa by BIODESS Laboratory (Costa Rica). CUR,
DMC, and BDM analytical standards used in the UHPLC and UV quantification studies as
well as Cholesterol (Chol) poloxamer 407 (Pluronic F-127), 2,2-diphenyl-1-picrylhidrazyl
(DPPH), dichloromethane (CH2Cl2), phosphoric acid (H3PO4) and disodium hydrogen
phosphate were purchased from Sigma-Aldrich. Sodium dihydrogen phosphate monohy-
drate was acquired from Merck. Polysorbatum 80 (Tween 80) was purchased from Sonntag
and Rote S.A., and sorbitan monooleate (Span® 80) was supplied by LABQUIMAR S.A.
Chloroform (CHCl3), methanol (MeOH), and acetonitrile (MeCN) were purchased from
JTBaker. All solvents were HPLC/UV grade or highly pure, and the water was purified
using a Millipore system filtered through a Millipore membrane 0.22 μm Millipak 40.

2.2. Design and Optimization of the Polymer-Lipid Hybrid Nanoparticles (PLHNs) Method Using
CUR as Model

The strategy for the design of the PLHN was to combine one method for preparing
solid lipid nanoparticles with another to prepare polymeric nanoparticles. Therefore,
the emulsion method reported by Rompicharla et al. 2017 [35] and the emulsification
solvent diffusion method reported by Udompornmongkol et al. 2015 [36], respectively,
were used as starting methods. The following were the initial parameters: the aqueous
solution composed of 5 mg/mL of Pluronic F-127 prepared in acetic acid 0.1% and Tween
80: Span80 1:1 4% was added dropwise into the organic one containing a CUR-lipid ratio
of 1:24 in a 1:1 mixture of MeOH: CHCl3. Mixed phases were homogenized at 10,000 rpm
for 10 min.

The optimization of the PLHN preparation method consisted of using different compo-
nents of organic and aqueous phases as well as parameters related to mixing the phases and
homogenization techniques for visually obtaining an emulsion and efficient formulations in
terms of drug encapsulation. Hence, at each change, if the emulsion formation was visually
confirmed, the next step was to evaluate the encapsulation efficiency (EE) both direct
(EED) and indirect (EEI) according to Equations (1) and (2), respectively, showed in the
Section 2.3.1. Hence, the emulsion was placed in magnetic stirring for 10 min to eliminate
the traces of the organic solvents. The particles were collected by ultracentrifugation and
the CUR content was determined to calculate EEI. Then, the emulsion was washed three
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times with ultrapure water to remove the remaining unencapsulated molecule and unre-
acted substances. Further, EED was calculated by determining the CUR content in 100 μL
of the final formulation dissolved in 900 μL of MeOH. A blank of PLHN was prepared
using the same parameters tested without adding the CUR in the organic phase.

2.2.1. Homogenization Technique

Two homogenization techniques were evaluated, first, a Cole Palmer Gex 30 Ultrasonic
Processor (Cole Palmer, Illinois, IL, USA) operated at 130 watts and 20 KHertz provided
with a 3 mm titanium probe. The aqueous and organic phases were mixed in a beaker
in a one-time addition, and the solution was sonicated during two different periods of
30 and 45 min at intervals of 5 min. The second one consisted of a high speed ULTRA-
TURRAX® T25 homogenizer (IKA, Staufen, Germany). The aqueous solution was added
into the organic one by testing three different speeds: dropwise (slow), approximately 3
mL/min (medium), and one-time addition (fast). Further, 10,000, 12,000 and 16,000 rpm
homogenization speed during 10 min were tested.

2.2.2. Lipid, Drug Loading, Lipid-Drug Ratio, and Organic Solvent

Chol, cocoa butter, cetyl palmitate, stearic acid, and a 1:1 mixture of Chol: cetyl
palmitate were used. Once the lipid was selected, three different amounts of CUR 7.5,
10 and 15 mg as well as 12:1 and 48:1 drug-lipid ratios were tested. The organic phase
composition was evaluated by testing 6 mL of the following 1:1 mixture of CH2Cl2: MeOH
and CHCl3: EtOH.

2.2.3. Surfactant Selection and Polymer Concentration

The composition of aqueous phase was kept constant during the whole optimization
method using 5 mg/mL of Pluronic F-127 in acetic acid 0.1%. Tween 80 and Span 80®

separately were tested as surfactants. Once selected, 2 mg/mL, and 7 mg/mL of Pluronic
F 127 were evaluated.

2.2.4. Preparation, Characterization, and In Vitro Evaluation of DMC and BDM-Loaded
PLHNs

A total of 250 mg of Pluronic F-127 were dissolved in 50 mL of acetic acid 0.1%
and 2 g of a 1:1 mixture of Tween 80: Span80 1:1 was added. The organic phase was
composed of 120 mg of Chol and 5 mg of DMC or BDM dissolved in 6 mL of MeOH: CHCl3
1:1. Then, the aqueous solution was added into the organic one at medium speed and
homogenized at 16,000 rpm for 10 min to form an appropriate emulsion. The nanoparticles
were collected by ultracentrifugation using a Thermo Scientific Sorvall ST 16R centrifuge
(Thermo Fisher Scientific, Waltham, MA, USA) at 12,000 rpm for 40 min at 10 ◦C. To
remove the remaining unencapsulated substrate and unreacted substances, the emulsion
was washed three times with ultrapure water. The final formulation was dispersed in 5 mL
of purified water containing 0.01% Tween80®; filtered through an ADVANTEC® ultrafilter
unit and refrigerated up to further characterization. Blanks of PLHNs were prepared
as mentioned above without adding DMC or BDM in the organic phase. In Figure 2 is
presented the schematic representation of the method procedure.
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Figure 2. Schematic representation of the developed and optimized method procedure.

2.3. Characterization Techniques
2.3.1. Encapsulation Efficiency (EE)

The EE was calculated through direct and indirect methods using the Equations (1) and (2),
respectively. For the direct method the amount of CUR, BDM, or DMC in the three independent
formulations of nanoparticles was determined for each curcuminoid by taking 100 μL of fresh
PLHNs dissolved in 900 μL of MeOH. Meanwhile, for the indirect method, the amount of free
curcuminoid was determined in the supernatant collected by ultracentrifugation using
a Thermo Scientific Sorvall ST 16R centrifuge (Thermo Fisher Scientific, Waltham, MA,
USA) at 12,000 rpm for 40 min at 10 ◦C. The solutions for both the direct and indirect
methods were filtered through a 0.45-μm cellulose acetate membrane placed in a Sartorius
stainless steel syringe filter holder. A total of 10 μL of the samples were injected in a Dionex
Ultimate 3000 UHPLC system (Thermo Fisher Scientific, Waltham, MA, USA) equipped
with a variable wavelength detector, pump, variable temperature compartment column
and autosampler. The chromatographic elution was carried out in a Nucleosil 100-5 C18
column (250 mm × 4.0 mm, 5 μm) at a temperature of 35 ◦C using 55% of MeCN and 45%
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of H3PO4 0.1% as mobile phase at a flow rate of 1 mL/min and setting down the detection
at 420 nm.

EED =
Drug in nanoparticle

Total drug added
× 100 (1)

EEI =
Total drug content (mg)− free drug(mg)

Total drug content (mg)
× 100 (2)

2.3.2. Fourier Transform Infrared (FT-IR)

The FT-IR spectra of the sample were recorded on a Thermo Scientific Nicolet 6700
FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) fitted with a diamond
attenuated total reflectance (ATR) accessory. The samples were placed directly into the
ATR cell without further preparation and analyzed in the range of 4000−600 cm−1.

2.3.3. Dynamic Light Scattering (DLS)

The particle size (z-average) and polydispersity index (PI) were measured on the basis
of the DLS technique on a Malvern Nano Zetasizer ZS90 instrument (Malvern Panalytical,
Malvern, UK) using the medium refractive index of 1.33, and viscosity 0.8872 cP under 90◦.
The samples were diluted with deionized water to achieve the appropriate concentrations,
and the measurements were performed at 25 ◦C.

2.3.4. High Resolution Transmission Electron Microscopy (HR-TEM)

The PLHN morphology was evaluated using a JEOL, JEM2011 HR-TEM (JEOL Ltd.,
Tokyo, Japan) at an acceleration voltage of 120 kV. The samples were prepared by placing
5 μL of NP suspensions and drying under a nitrogen atmosphere.

2.3.5. Differential Scanning Calorimetry (DSC)

The DSC curves of PLHNs were obtained in a TA Instruments DSC-Q200 calorimeter
(TA Instruments, New Castle, DE, USA) equipped with a TA Refrigerated Cooling System
90. Approximately 2 mg of each sample were placed in aluminum pans with lids and the
measurement were carried out under a dynamic nitrogen atmosphere of 50 mL/min, a
heating rate of 10 ◦C/min and a temperature range from 40 to 250 ◦C.

2.3.6. In Vitro Studies
Drug Release Profile

The DMC and BDM in vitro release profile from the PLHN as well as the dissolution
profile of pure DMC and BDM (used as a reference) were estimated using two different
dissolution media, M1 and M2. Briefly, 1 mL of PLHN was immersed in 80 mL of phosphate
buffered saline of pH 7.4, containing MeOH 20% and 2.5% of Tween 80 (M1) [37] and water
(M2) maintained at 37 ± 0.5 ◦C and 150 rpm in a Labnet 211 DS shaking incubator (Labnet
International Inc., Edison, NJ, USA). Then 4 mL of each solution were withdrawn at specific
time intervals without replacing the volume. The aliquots were centrifuged at 6000 rpm for
10 min in a Thermo Scientific Sorvall ST 16R centrifuge at 37 ◦C. The concentration of DMC
and BDM in the solutions were measured using a Shimadzu 1800 double beam UV-Vis
spectrophotometer (Shimadzu Corporation, Tokyo, Japan) at a wavelength of 420 nm. The
sampling was performed in triplicate.

DPPH Radical-Scavenging Activity

The DPPH evaluation was performed as previously reported [38], for both free and
nanoencapsulated curcuminoids DMC and BDM. The free curcuminoid samples were
evaluated in an ethanolic and aqueous solution. This last medium was also used for cur-
cuminoid nanoparticles samples. In addition, Trolox was used as a standard [39] to assess
the DPPH method applied. Briefly, a solution of 2,2-diphenyl-1-picrylhidrazyl (DPPH,
0.25 mM) was prepared using EtOH as a solvent. Next, 0.5 mL of this solution were mixed
with Trolox or the respective free or nanoencapsulated curcuminoid solution at different
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concentrations and incubated at 25 ◦C in the dark for 30 min. The DPPH absorbance was
measured at 517 nm using a Thermo Scientific Genesys S10 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). The controls were prepared for each assay using
solvent instead of Trolox or samples. The percentage of the radical-scavenging activity
inhibition was calculated for each concentration according to Equation (3). This percentage
was plotted against the Trolox or samples concentrations to calculate IC50, which is the
amount required to reach 50% inhibition of DPPH radical-scavenging activity. The Trolox
and samples were analyzed this way in three independent assays.

Inhibition percentage =
(Absorbance of control − Absorbance of Trolox or sample)

(Absorbance of control)
× 100 (3)

3. Results

3.1. Method Design and Optimization Using CUR as Model

The reported techniques to obtain PLHNs are classified into one-step and two-step
approaches. The one-step synthesis is based on the nanoprecipitation and self-assembly
technique [40]. According to Zhang et al. (2010), the water-miscible organic phase contain-
ing both the polymer and hydrophobic drug is added dropwise into the aqueous phase
composed of the lipid and a small quantity of a water-miscible organic solvent for facili-
tating lipid dissolution [40]. The method proposed herein was also based on a one-step
approach. However, in contrast to the existing techniques, it consisted of incorporating
the aqueous phase containing the polymer into the organic one composed of the lipid and
CUR, taking advantage of the components’ solubilities in the respective phases. Therefore,
reducing the necessity of including organic solvent in the water solution.

Designing and optimizing methods for nanoparticle preparation using traditional
statistical analysis is a complex and time-consuming process that requires plenty of experi-
ments [41]. In addition, a complete characterization of each prepared formulation is quite
expensive because it requires advanced instrumentation that may not be available in every
laboratory. Therefore, as an alternative, the strategy developed in this contribution was
to perform a screening of variables considering first the emulsion formation which can be
visually assessed [42], and a second step determining EEI and EED. In this regard, high EE
values are desirable for the delivery of higher amounts of drug payload. Consequently, in
terms of the scalability and industrial development of these materials, high EE implies the
economical usage of drugs without a decrease in their therapeutic index [41,43]. Further,
EE can be influenced by the method used to carry out the encapsulation process, the
partition coefficient of the target molecule in the solvents used and the size distribution of
the PLHNs [43,44]. All the conditions and parameters evaluated are shown in Table 1.

3.1.1. Homogenization Technique

The structural organization of the PLHNs and the high EE depends directly on
the preparation of the nanoemulsion, and the drug-polymer interactions [15]. Mixing
the organic and aqueous together and applying the ultrasonication probe, neither for
30 nor 45 min, provided a visual emulsion. In contrast, using high-speed homogenization,
adding aqueous solution dropwise into the organic one, and keeping the homogenization
speed at 10,000 rpm for 10 min after the addition resulted in a successful emulsion with an
EE of 92%. Then, instead of using the fast addition of the aqueous phase into the organic
one, the medium and fast adding speeds were investigated. The optimum addition speed
showed to be the medium one resulting in 98% of EE against 30% and 46% of the fast and
slow speeds, respectively. Previous reports [14,30] indicate the importance of the rate of
precipitation of the hydrophobic drug and the polymer, for instance, with similar or equal
rates of precipitation of the two species, the homogeneous particles would be obtained
while large differences between rates will force the selective precipitation of each compo-
nent affecting the encapsulation of the drug [30]. Further, the tested 12,000 and 16,000 rpm
homogenization speed resulted in 92% and 98% of EE respectively. Consequently, these
last conditions were selected to continue the method optimization.
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Table 1. Parameters and conditions tested in the development and optimization of the method.

1-Homogenization Technique 1 N◦
Formulation

Emulsion
Observed

EE (%)

Ultrasonic Processor
One-time addition, 130 watts,

20 kHertz, 3 mm Ti probe
Sonication Time

30 min 1 No NA

45 min 2 No NA

High Speed Homogenizer
10,000 rpm, 10 min

Mixing phases
speed

Slow 3 Yes 46

Medium 4 Yes 98

Fast 5 Yes 30

2-Optimization of homogenization technique 1 Emulsion
observed

EE (%)

High speed homogenizer,
mixing phases at medium

speed, 10 min

Homogenization
speed

12,000 rpm 6 Yes 92

16,000 rpm 7 Yes 98

3-Lipid, drug loading, lipid-drug ratio, and organic solvent
Emulsion
observed

EE (%)

Type of lipid 24:1 lipid:drug
ratio

Cocoa butter 8 Yes 71

Cetyl Palmitate 9 Yes 54

Stearic acid 10 Yes 81

Cholesterol:
Cetyl Palmitate

1:1
11 Yes 47

Drug loading mg of CUR

7.5 12 Yes 87

10 13 Yes 62

15 14 No NA

Lipid-drug ratio Chol:CUR
12:1 15 Yes 75

48:1 16 Yes 70

Organic solvent 1:1 solvent mixture
CH2Cl2:MeOH 17 Yes 37

CH3Cl3:EtOH 18 Yes 8

4-Surfactant selection and polymer concentration
Emulsion
observed

EE (%)

Surfactant selection 1% surfactant
concentration

Tween 80 19 No NA

Span 80 20 No NA

Polymer concentration mg/mL of
Pluronic F-127

2 21 Yes 5

7 22 Yes 16

NA: Non-applicable; 1 Starting composition: aqueous phase containing 5 mg/mL of Pluronic F-127 in acetic acid 0.1% and Tween 80:
Span80 1:1 4% and organic phase containing a CUR-lipid ratio of 1:24 in a 1:1 mixture of MeOH: CHCl3.

3.1.2. Lipid, Drug Loading, Lipid-Drug Ratio, and Organic Solvent

Instead of Chol, four lipids cocoa butter, cetyl palmitate, stearic acid, and a 1:1 mixture
of cetyl palmitate:Chol were incorporated into the organic phase and evaluated for emul-
sion formation and EE. All the formulations provided emulsions and an acceptable EE;
stearic acid was the best with 80%. However, the formulation containing Chol continued
to exhibit the best EE.

In an attempt to achieve a high drug loading capacity into the PLHNs, increments in
the amount of CUR were investigated by adding 7.5, 10, and 15 mg to the organic phase
in individual experiments. Increases in drug content decreased the EE until it was not
forming an emulsion when using 15 mg of CUR. Further, two additional lipid-drug ratios
using a lower 12:1 and a higher 48:1 lipid quantity in relation with the CUR content resulted
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in 75 and 70% EE, respectively, which did not represent an improvement in comparison
with the 24:1 selected as starting parameters.

Finally, two different 1:1 solvent mixtures were tested as an organic phase, CH2Cl2:
MeOH and CH3Cl3: EtOH. However, the results showed a deficient EE with both solvent
mixtures yielding 37% and 8% respectively.

3.1.3. Surfactant Selection and Polymer Concentration

The starting parameters in the development and optimization of this method included
a 1:1 mixture of Tween 80: Span 80®. It was reported that attraction between both Tween
80 and Span 80 surfactants may affect the loading [45]. Therefore, Tween 80 and Span
80® were separately tested in the aqueous solution in order investigate the effect of using
both surfactants together in the formulation. Results indicated that the use of only one of
them separately did not provide an emulsion; therefore, both surfactants are needed in the
formulation to successfully prepare the PLHNs. Optimizing the polymer concentration
by decreasing to 2 mg/mL and increasing up to 7 mg/mL of Pluronic F-127 resulted in
a considerable decline in the EE resulting in 5% for 2 mg/mL and in 16% for the 7 mg/L
polymer concentration.

In sum, the parameters tested provided consequently several formulations in which
acceptable EE values were observed when emulsions were successfully obtained. This can
be attributed to the important role of Pluronic in the shell-core incorporation providing the
forces to assemble via the attraction between alkyl groups in the polymer and aromatic
groups in CUR [46]. The symmetric electron density distribution of atoms for the CUR in
the Pluronic’s non-polar part can lead to the assembly of electrostatic van der Waals forces.
In the hydrophobic PO chain of Pluronic, there is only one –CH3 per monomer while Chol
can interact with the hydrophobic part of the chain [47]. This may lead to more interaction
sites for CUR with the polymer, thus leading to higher loading into PLHNs.

The encapsulation was confirmed by FT-IR measurements in formulations exhibiting
high EE values. FT-IR was performed to evaluate the successful incorporation of CUR
loaded into PLHNs. Figure 3 shows the FT-IR spectra of the Chol, Pluronic F-127, plain
PLHNs, and CUR-loaded PLHNs. The main peaks for the CUR-loaded PLHNs correspond
to 3363 cm−1 related to the stretching vibration of hydrogen-bonded (-OH), 1649 cm−1

of the C=O stretching vibration, and 1270 cm−1 due to C-O stretching. The CUR-loaded
PLHNs spectra indicated a combination of these signals from CUR as well as from Pluronic
F-127 and Chol components. For instance, bands at 2897 cm−1 associated with C-H stretch
aliphatic and at 1359 cm−1 corresponding to in-plane O-H bend pertain to Pluronic F-
127 [48]. In addition, signals at 1449 cm−1, 1043 cm−1 and 742 cm−1 correspond to CH2
and CH3 deformation vibrations, ring deformation, and C-H out-of-plane bending from
Chol [49]. The fact that some other signals reported for CUR [50,51] are not predominant
and the combination of CUR main bands with Pluronic F-127 and Chol signals in CUR-
loaded PLHNs spectra confirm that CUR was successfully loaded into PLHNs.

61



Polymers 2021, 13, 4207

Figure 3. FT–IR spectra of PLHNs main components, CUR–loaded PLHNs and plain PLHNs.

3.2. Preparation, Characterization and In Vitro Evaluation of DMC and BDM-Loaded PLHNs
3.2.1. Encapsulation, FT-IR and EE

We then confirmed the encapsulation FT-IR measurements were performed in the
nanoformulations. Comparing the FT-IR spectra of plain PLHNs, DMC, or BDM-loaded
PLHNs with the ones obtained for pure DMC or BDM (Figure 4), it becomes evident that
they share peaks at wavenumbers of 3318 cm−1 associated with stretching vibration of
hydrogen-bonded (-OH), as well as at 1659 and 1707 cm−1 stretching vibration of con-
jugated carbonyl (C=O) group, 1459 cm−1 and 1422 cm−1 CH- bending, and 1370 cm−1

and 1347 cm−1 to in-plane O-H bend, respectively, for DMC and BDM. Besides, charac-
teristic bands at 2928 cm−1 associated to C-H stretch aliphatic corresponding to Pluronic
F-127 [48] and signals at 1048 cm−1 and 754 cm−1 corresponding to ring deformation and
C-H out-of-plane bending from Chol [49] are also present in the curcuminoids loaded
PLHNs spectra. Therefore, these facts are to be expected due to the combination of signals
of the components and the pure drug, which is further confirm that curcuminoids DMC
and BDM were successfully loaded onto PLHNs core.

Figure 4. FT–IR spectra of DMC and BDM–loaded PLHNs, plain PLHNs and free DMC and BDM.
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Concerning the EE of DMC and BDM, both DMC and BDM were efficiently loaded
in PLHNs, achieving an encapsulation efficiency of 95% and 92%, respectively. Therefore,
a high EE meant that the curcuminoid maximal solubility in the lipid was reached in the
PLHNs and that all the molecules remained in the particles after lipid solidification [52]. The
high values of EE can be attributed to phenyl groups on the curcuminoids structure loaded
into HPLN. In addition, Pluronic has an important role in the shell-core incorporation,
because it provides the forces to the assembly via the attraction between alkyl groups in
the polymer and aromatic groups [46]. The structural organization of the PLHNs and
the high EE depends directly on the preparation of nanoemulsion and the drug-polymer
interactions. Previous reports [14,30] indicate the importance of the rate of precipitation
of the hydro-phobic drug and the polymer, large differences between rates will force the
selective precipitation of each component, consequently affecting the encapsulation of the
drug [30].

3.2.2. DLS and HR-TEM Techniques

The particle size and size distribution in terms of PDI values were evaluated by DLS
whereas the morphology of the prepared PLHNs was observed by HR-TEM. Figure 5
presents the HR-TEM images and histogram of the size distribution of the DMC and BDM-
loaded PLHNs. For the characterization of nanosystems for drug delivery, parameters such
as average size and polydispersity index (PDI) are considered one of the most important
factors to evaluate the stability and the proper function of the nanoparticles due to the influ-
ence in the loading and release of the compound inside the nanoparticle [53,54]; therefore,
it is important nanoparticles present high reproducibility and homogeneity [53]. In this
concern, PDI defines the variation in particle size distribution within the nanoemulsion.
According to Souza et al. (2014) and Valencia et al. (2021) PDI values ≤ 0.4 are considered
monodisperse, which implies that there is uniformity in the sample size [53,55], and it
also indicates that the formulation has a low aggregation of the sample during isolation or
analysis [56].

Figure 5. TEM images and size distribution histogram of (A) DMC and (B) BDM–loaded PLHNs.
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The results showed that the DMC loaded nanoparticles exhibited a particle size of
75.55 ± 0.51 nm with a PDI of 0.281 ± 0.014 and the BDM nanoparticles 15.13 ± 0.014 nm
with a PDI of 0.196 ± 0.032. A formulation composed of Chol, lecitin and vitamin E TPGS
reports a BDM-loaded PLHNs size of 75.98 nm [57] while Dolatabi et al. [58] reported a
DMC PLHNs formulation with Precirol® ATO5 and polaxamer 188 with a-size of 160.7 nm.
Our findings indicate smaller particle sizes than both studies and a similar average size of
(a-size) <50 nm for BDM in a PLHNs formulation with ethyl oleate and PEG-400 [59]. Due
to the low size, the PLHNs can be absorbed by systemic circulation in the intestine [60]
which improves the bioavailability of these small molecules.

In respect to morphology, the TEM images of DMC and BDM-loaded PLHNs present
nanoparticles with a spherical appearance. These findings are in agreement with results
from the literature reporting a similar shape for other curcuminoid polymeric nanoparti-
cles [59].

3.2.3. Differential Scanning Calorimetry (DSC)

The thermal evaluation can reveal the solid state of the encapsulated drug, it provides
information about the microcrystalline form and if present any polymorph change or
transition change in amorphous form [61]. In addition, DSC can show any incompatibility
or possible interaction between the drug and excipients, which may affect the efficacy of
the encapsulated drug [62]. The DSC curves of formulation components are presented
in Figure 6. DMC and BDM exhibited a unique endothermic event at 173 ◦C and 238 ◦C,
respectively, in agreement with values reported in literature [63]. Further, Pluronic F-127
and Chol were observed at 58 ◦C and 147 ◦C, respectively, corresponding to their melting
temperatures and in the case of Chol to its monohydrate form [64]. The DSC curves of DMC
and BDM-loaded PLHNs presented similar thermal behavior. One broad endothermic
event between 40 and 70 ◦C is coincident with the melting temperature of Pluronic F-127
and water loss. Then, a sharp endothermic one around 100 ◦C associated to a solvated form
of Chol [65] that can be crystallized during PLHNs preparation. The endothermic event
related to free curcuminoids was not observed in the nanoparticles which is an indicative
that they were molecularly dispersed within the PLHNs matrix [66,67]. Moreover, there
was no evidence of incompatibilities between curcuminoids and formulation constituents.

Figure 6. DSC curves of PLHNs main components and the DMC and BDM–loaded formulation.

3.2.4. In Vitro Studies
Drug Release

The in vitro release profiles of DMC and BDM from PLHNs as well as the dissolution
profiles of free curcuminoids in two dissolution media are shown in Figure 7. Medium
1 (M1) composed of phosphate buffered pH 6.8 with 20% of MeOH and medium 2 (M2)
was water. Several media and pH values were tested with anomalous results due to the
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chemical instability of curcuminoids at pHs lower than 7. Its degradation compromised the
detection and quantification of curcuminoids [68,69]. In this regard, reports in the literature
have used pH below 7 in the release of curcuminoids [70–72]. In addition, the absorption
pH in the lumen of the intestine has been reported to be in the range of 6.8–7.4; therefore,
was considered an appropriate media for curcuminoids [73]. In respect to the use of water
as a medium, it was evaluated considering the main purpose of this study on preparing
nanoencapsulated curcuminoids to improve their water solubility; furthermore, in light of
some studies that have reported the degradation of the Pluronic backbone in water which
can contribute to water solubilization and subsequent release of the drug [4–6].

Figure 7. Release profile of DMC and BDM from the PLHNs compared with free DMC and BDM dissolution rate in two
dissolution media. Error bars represent the standard deviation of DMC and BDM concentration in the triplicates.

The presence of MeOH in M1 suggested an increased dissolution rate of free curcum-
inoids and a higher release profile of curcuminoids from the PLHNs. However, release
and dissolution profiles obtained in both media were not significantly different from BDM.
Nevertheless, comparing the dissolution profile of free DMC and BDM with curcuminoids
released from PLHNs in water, showed promising results. At 180 min only 0.1% of the
free DMC was dissolved while its release from the hybrid nanosystem was 88% at 180 min.
In turn, only 0.3% of free BDM dissolved after 180 min while 68% were released from the
nanoparticle at 180 min. The difference in values in favor of DMC can be explained due to
the different pka values (DMC < BDM), which can destabilize the keto-enol structure and
consequently the dissociation of the enol hydrogen affecting the stability and the solubility
of the curcuminoids [74]. Overall, these results suggested that this formulation would
significantly improve the bioavailability of these curcuminoids.

The release of a loaded drug molecule from the shell-core largely depends on hy-
drophobic interactions between the inner core and drug, as previously mentioned. The
increased release of DMC and BDM from the PLHNs can be attributed to the hydropho-
bic interaction between the curcuminoid and the bilayer, as the hydrophobic interaction
becomes weak, the shell core breaks and exhibits a fast and sustained release of the
molecule [75].

Antioxidant Activity Evaluation of DMC and BDMC Free and Loaded into PLHNs

The antioxidant activity of Trolox, free and PLHN-loaded DMC and BDM was studied
through a DPPH analysis, as described in the Materials and Methods section. Trolox was
used as a standard to assess the DPPH method, obtaining adequate results (R2 = 0.9956)
that allowed to determine an IC50 of 5.62 μg/mL. Further, results of the samples antioxidant
activity are shown in Table 2.
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Table 2. Antioxidant activity of free and curcuminoids DMC and BDM-loaded PLHNs.

IC50 (μg/mL) 1,2,3

EtOH Water PLHN

DMC 12.46 a,# ± 0.02 2143.07 a,& ± 0.61 12.74 a,# ± 0.09
BDM 17.94 b,ˆ ± 0.06 1398.68 b,* ± 5.07 16.03 b,ˆ ± 0.55

1 IC50 μg/mL for each curcuminoid. 2 Values are expressed as mean ± standard deviation (S.D.). 3 Different
superscript letters in the same column or different superscript signs in the same row indicate differences are
significant (p < 0.05) using one-way analysis of variance (ANOVA) with a Tukey post hoc.

Evaluation of the antioxidant activity of the free curcuminoid dissolutions in EtOH
indicated DMC (R2 = 0.9979) yielded the lowest IC50 representing an antioxidant activity
28% higher than the antioxidant activity of BDM (R2 = 0.9930). This observation is consistent
with the trend previously reported for the antioxidant activity of the main curcuminoids,
where DMC was found to yield higher antioxidant values than BDM [76]. A DPPH
analyses of the aqueous solutions of the free curcuminoids showed a considerably higher
IC50 for both samples; hence, much lower antioxidant activity, which is associated with
their low solubility in water. Results showed an opposite trend of antioxidant activity in
these aqueous samples, with BDM (R2 = 0.9947) yielding the lowest IC50, indicating an
antioxidant activity 35% higher than the antioxidant activity of DMC (R2 = 0.9932) in water,
which is in alignment with BDM relative higher aqueous solubility in respect to DMC [77].

DPPH assays of DMC and BDM-loaded PLHNs showed an important decrease in the
IC50, therefore a much higher 80-to 160-fold antioxidant activity than free curcuminoids in
aqueous solution. As shown by the results from a one-way analysis of variance (ANOVA)
(Table 1), both the DMC (R2 = 0.9936) and BDM (R2 = 0.9960)-loaded PLHNs presented
similar antioxidant activity to the one obtained for the ethanolic solution of the free cur-
cuminoids. Further, BDM nanoparticles showed a lower IC50 than free BDM ethanolic
solution, with BDM-loaded PLHNs antioxidant activity improving by 11%, aligning with
results using CUR that showed antioxidant activity improved by 17% [78]. In sum, our
results show that the antioxidant activity of DMC and BDM was significantly enhanced
by the PLHNs preparation, consistent with previous results on polymeric nanoparticle
formulations of curcuminoid mixtures [79] and the individual curcuminoids DMC and
BDM [59], aligning also with results obtained for other polyphenols, such as hesperetin
formulations [80].

4. Conclusions

DMC and BDM-loaded polymer-lipid hybrid nanoparticles (PLHNs) composed of
Pluronic F-127 and cholesterol were synthesized and characterized through a simple
method designed and optimized using CUR as a model curcuminoid. The influence of the
encapsulation efficiency of various processing parameters including the ultrasonic probe,
high-speed homogenization, mixing phases and homogenization speed were evaluated.
Organic and aqueous phases composition: lipid, drug loading, lipid-drug ratio, organic
solvent, surfactant, and polymer concentration was systematically assessed. The study
confirmed that Pluronic F-127 plays an important role in the shell-core incorporation
providing the forces to assemble via the attraction between alkyl groups in the polymer
and aromatic groups in curcuminoids. Therefore, contributing to improving the solubility,
stability, and manages to successfully encapsulate the curcuminoids by the PLHNs, as well
and maintain a high loading efficiency as previously reported in the literature. The method
for PLHNs synthesis developed and optimized herein presents advantages in terms of
preparation, appropriate nanoparticles characteristics including particle size, monodisperse
size distribution, shape, and encapsulation efficiency. Further, the DMC and BDM-loaded
PLHNs exhibited considerable improvements in aqueous dissolution consequently in their
antioxidant activity. Therefore, this method can be extended to other curcuminoids and
molecules with a similar backbone structure to improve the bioactivities associated with
their limited bioavailability.
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Abstract: Research on the synthesis of water-soluble polymers has accelerated in recent years, as they are
employed in many bio-applications. Herein, the synthesis of poly[2-(methacryloyloxy)ethyl]dimethyl-
(3-sulfopropyl)ammonium hydroxide (PSB) by free radical polymerization in a sonication bath is
described. PSB and iron oxide nanoparticles (IONPs) were simultaneously stabilized on the graphene
surface. Graphene surfaces with PSB (GPSB) and graphene surfaces with PSB and IONPs (GPSBI)
were prepared. Since PSB is a water-soluble polymer, the hydrophobic nature of graphene surfaces
converts to hydrophilic nature. Subsequently, the prepared graphene composites, GPSB and GPSBI,
were well-dispersed in water. The preparation of GPSB and GPSBI was confirmed by X-ray diffraction,
Raman spectroscopy, field emission scanning electron microscopy, transmission electron microscopy,
X-ray photoelectron spectroscopy, and thermogravimetric analysis. The impacts of PSB and IONPs
on the graphene surfaces were studied systematically.

Keywords: graphene composites; iron oxide nanoparticles; poly[2-(methacryloyloxy)ethyl]dimethyl-
(3-sulfopropyl)ammonium hydroxide]; sonication bath; thin-layered graphene

1. Introduction

Continuous research is ongoing towards the development of diagnosis and therapeutic
agents for detecting and treating cancer cells. Nanostructures and hybrid nanostructures
are used for diagnosis and therapeutic applications [1–4]. These nanostructures can be
tuned to accommodate the desired properties. In recent times, iron oxide nanomaterials
(IONPs) attained considerable attention in various fields, including biomedical, diagnostic,
and therapeutic applications [5–7]. The magnetic surface and intrinsic properties such
as colloidal stability, low toxicity, and uniform size allowed researchers to use IONPs in
different applications [7–9]. However, compared to IONPs alone, composites, especially
those with nanoscale dimensions, have improved properties and are used in various
applications [10–13]. In composites, research on graphene with IONPs is emphasized
because of their excellent properties [14,15].

Graphene is a two-dimensional material composed of sp2 carbon atoms [16,17].
Graphene is an excellent material that has superior mechanical, electrical, and thermal
properties [18,19]. Because of these properties, graphene and graphene composites are used
in broad applications such as supercapacitors, water treatment, and biomedical applica-
tions [20–25]. Size-controlled graphene sheets with IONPs [26] showed remarkable catalytic
activity in oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) [27].
Three-dimensional reduced graphene oxide surface with IONPs was reported as an ef-
fective active material for deionization electrodes [28]. Superparamagnetic IONPs with
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graphene oxide (GO) are used as a resonance contrast agent for magnetic resonance imag-
ing [29]. GO with IONPs is suggested for resonance/fluorescence imaging and cancer
sensing applications [29,30]. In addition, IONPs grafted on GO surfaces are used for hy-
perthermia applications [31]. The polymers on the graphene surface tune the properties
of graphene composites [32–36]. Different types of biocompatible polymers are used to
stabilize the graphene surface for cancer theranostics [37–41]. Recently, we published a
study on graphene nanocarriers for treating thyroid cancer cells [42]. Doxorubicin-loaded
2-(methacryloxyloxy)ethyl phosphorylcholine and poly(ethylene glycol) monomethacrylate
stabilized the graphene surface with IONPs, representing a remarkable nanocarrier [42].

In this work, [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydrox-
ide (SB) monomer was polymerized on the graphene surface, and graphite (G) was exfoli-
ated into thin-layered graphene sheets by sonication. Two composites were prepared in the
absence and presence of IONPs, GPSB and GPSBI, respectively. The prepared GPSB and
GPSBI composites were characterized using various studies.

2. Materials and Methods

2.1. Materials

SB (95%), G, and 4,4′-azobis(4-cyanovaleric acid) (ACVA, ≥98%) were purchased from
Sigma-Aldrich, South Korea, and used as received. Deionized water (DI) was used in all
experiments. Using a bath sonicator (40 kHz, 110 W, BRANSON 3800, Richmond VA, USA),
in situ polymerization of SB monomer was performed on the graphene surface at 70 ◦C.
The composites were centrifuged using VS-18000M, VISION Scientific Co., Ltd., Daejeon-Si,
Korea.

2.2. Methods

PSB, GPSB, and GPSBI were characterized using various physicochemical techniques.
Raman spectra for composites were obtained on the XploRA Micro-Raman spectropho-
tometer (Horiba) in the range between 1000 and 3000 cm−1. X-ray diffraction (XRD) studies
were carried out using the PANalytical X’Pert3 MRD diffractometer with monochromatized
Cu Kα radiation (λ = 1.54 Å) at 40 kV and 30 mA and were recorded in the range from 20◦
to 80◦ (2θ). Field emission scanning electron microscopy (FESEM) with energy-dispersive
X-ray spectroscopy (EDS) was used to evaluate the surface morphology of the composites.
Using the Hitachi S-4800 equipped with EDX at an accelerating voltage of 10 kV, FESEM
and EDS measurements were carried out. Transmission electron microscopy (TEM) images
were obtained from JEOL JEM with an operating accelerating voltage of 120 kV. X-ray
photoelectron spectroscopy (XPS) spectra were recorded using K-Alpha (Thermo Scientific,
Waltham, MA, USA), and CasaXPS software was used for the deconvolution of the high-
resolution XPS spectra. Thermogravimetric analysis (TGA) measurements were carried out
on SDT Q600 with nitrogen atmosphere over 0–900 ◦C with 10 ◦C/min.

2.3. Graphene-poly[2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium Hydroxide] Composite

The preparation of graphene-poly[2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)
ammonium hydroxide] composite (GPSB) was prepared as shown in Scheme 1. Monomer
SB (500 mg, 1.78 mmol), ACVA (25.0 mg, 0.089 mmol), and 250 mg of G in 70 mL of DI
water were heated at 70 ◦C for 6 h in a sonication bath. Then, the composite GPSB was
purified by centrifugation at 5000 rpm for 15 min. Triplicate centrifugation followed by
drying in a freeze dryer yielded fine powder of GPSB that was re-dispersed in DI water for
further characterization.
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Scheme 1. Synthesis of graphene-poly[2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium
hydroxide] composite.

2.4. Graphene-poly[2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium
Hydroxide]–Iron Oxide Nanoparticle Composite

The preparation of the graphene-poly[2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)
ammonium hydroxide]–iron oxide nanoparticle composite (GPSBI) was prepared as shown
in Scheme 2. To prepare GPSBI, IONPs were prepared following earlier reports [43,44]. Iron
acetylacetonate (3.0 g, 8.49 mmol) in 60 mL of benzyl alcohol was added to an autoclave
container and heated at 180 ◦C for 48 h. The precipitates were purified by washing with
ethanol and then centrifuged. Successively the precipitates were further washed with
dichloromethane and then centrifuged. The purified IONPs were dried in a hot-air oven at
60 ◦C and used for the preparation of GPSBI composite. Monomer SB (500 mg, 1.78 mmol),
ACVA (25.0 mg, 0.089 mmol), 250 mg of G, and 50 mg of IONPs were added to 70 mL of
DI water, and the mixture was heated at 70 ◦C for 6 h in a sonication bath. The composite
GPSBI was then purified by centrifugation at 5000 rpm for 15 min. Washing was performed
three times with water and the composite was dried in a freeze dryer. The obtained fine
powder of GPSBI was re-dispersed in DI water for further characterization.

Scheme 2. Synthesis of the graphene-poly[2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium
hydroxide]–iron oxide nanoparticle composite.

3. Result and Discussion

In situ polymerizations of SB monomer on the graphene surface were carried out,
and the graphite was exfoliated into thin layers with the smaller size of the graphene
sheets. To know the molecular weight of PSB on the graphene surface, PSB was prepared
by adopting the same procedure as GPSB and GPSBI by excluding graphene powder.
The prepared PSB was characterized using size-exclusion chromatography (SEC) and
TGA. The molecular number of PSB was measured as 24,536 g/mol using SEC (refer
to supporting information). The GPSB and GPSBI composites were characterized using
various physicochemical techniques. The composites were compared with G and IONPs.
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X-ray diffraction (XRD) patterns have been utilized to study the defect polymer-
stabilized graphene sheets in composites. The XRD patterns obtained for G, IONPs, GPSB,
and GPSBI can be seen in Figure 1a. In G, the typical graphitic peaks at 2θ = 26.4◦ with
d-spacing of 3.34 Å (Bragg law: d = n × λ/2θ; n = 1, λ = 0.154 nm) and at 2θ = ~55◦
correspond to (002) and (004) planes, respectively [45,46]. The diffraction peaks of IONPs
observed at 30.33◦, 35.77◦, 43.43◦, 53.81◦, 57.44◦, and 62.98◦ correspond to the planes (220),
(311), (222), (400), (422), (511), and (440), respectively [47–50]. The size (Scherer formula:
D = k × λ/(β × cosθ); k = 0.9, λ = 0.154 nm, β = full width half maximum) of IONPs
was calculated as ~17.0 nm using the (311) plane [51]. The diffraction peak in GPSB was
observed at 26.64◦, corresponding to the (002) plane. The GPSBI composite shows peaks at
26.67◦, 30.33◦, 35.77◦, 43.43◦, 53.81◦, 57.44◦, and 62.98◦ that are attributed to (002-graphitic)
and iron oxide peaks (220), (311), (222), (400), (422), (511), and (440), respectively. The
interlayer distance of graphene sheets in GPSB and GPSBI were calculated as 3.36 and
3.30 Å; a slight increment in the interlayer distance suggests the partial exfoliation of
graphite into graphene. Furthermore, compared with G, the diffraction peaks of GPSB
and GPSBI show a slight shift and decrement in intensity. This might be due to defects
in graphene sheets because of the presence of PSB and IONPs. However, the interlayer
distance in GPSBI is higher than G but lower than the interlayer distance in GPSB; this can
be explained by considering the presence of IONPs on graphene in addition to PSB.

Figure 1. (a) XRD patterns corresponding to G, IONPs, GPSB, and GPSBI. (b) Raman spectra of G,
GPSB, and GPSBI.

Figure 1b presents the Raman spectra of G, GPSB, and GPSBI, showing three strong
peaks at ~1350, ~1580, and ~2700 cm−1 corresponding to D, G, and 2D bands, respectively.
The D band represents the defect sites in the graphene sheets at edges and surfaces and
the size of the graphitic crystals [52,53]. The G band arises from the sp2 carbon–carbon
bond from the first-order scattering of the E2g phonon [54]. ID/IG ratios of G, GPSB, and
GPSBI were calculated as 0.13, 0.15, and 0.29, respectively. The ID/IG ratio represents the
degree of disorder and inversely relates to the size of graphene sheets [55]. The ID/IG ratio
result suggests that the size of graphene is decreasing in the order of G, GPSB, and GPSBI.
In addition, the disorder in the composite increases, which confirms the functionalization
of the graphene surface with PSB in GPSB and with PSB and IONPs in GPSBI. The 2D
band around 2700 cm−1 indicates the layer of graphene sheets in the composites [56,57].
Compared to G, 2D bands in GPSB and GPSBI are sharp, indicating the thin-layered
graphene sheets compared to the graphene sheets in G. Additionally, GPSBI has two sharp,
distinct peaks and two small, broad peaks at ~210, ~277, ~380, and ~580 cm−1, attributed
to the IONPs, confirmed by the Raman spectra of IONPs shown in Figure S1.
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The surface morphology of the G, IONPs, GPSB, and GPSBI was examined by FESEM
and TEM measurements. The FESEM images of G and corresponding elemental mapping
are shown in Figure S2. The FESEM image of graphite flakes reveals graphene sheets with
lateral sizes of 10 ± 4 μm. The elemental mapping measurement confirms the uniform
distribution of carbon (C) elements and the fair distribution of oxygen (O) elements on the
G surface. Figure S3 depicts the FESEM images of IONPs, and their elemental mapping is
shown in Figure S3b. The even distribution of O and iron (Fe) elements is clear from the
images (Figure S3c,d).

Figure 2 displays the FESEM images (a–c) of GPSB and their elemental mapping
(d–g). GPSB possesses plate-like morphology with homogenous granular size. The size of
graphene sheets is much smaller than graphene sheets in G; the lateral size of graphene
sheets in GPSB was measured as 3 ± 1 μm. The elemental mapping of GPSB (Figure 2b)
was further analyzed to study the existing elements. The results revealed that C (Figure 2d),
nitrogen (N) (Figure 2e), O (Figure 2f), and sulfur (S) (Figure 2g) are evenly distributed
on the graphene sheets. The intensity of element O is significantly improved compared to
element O in G. The elements (O, N, and S) originated from PSB, indicating the successful
formation of composite GPSB and functionalization of graphene sheets with PSB.

Figure 2. FESEM images of GPSB (a–c). Elemental mapping of GPSB C K series (d), N K series (e), O
K series (f), and S K series (g).
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FESEM images, along with the elemental mapping of GPSBI, are depicted in Figure 3.
As can be seen in Figure 3, the prepared GPSBI exhibits the plate-like structure of graphene
sheets with IONPs. Moreover, a large amount of IONPs are distributed homogeneously
on the graphene sheets. The average lateral size of graphene sheets was measured as
3 ± 0.5 μm. The presence of elements C, N, O, and S from PSB and Fe and O from IONPs
were confirmed from the elemental mapping images, as shown in Figure 3d–h.

Figure 3. FESEM images of GPSBI (a–c). Elemental mapping of GPSBI C K series (d), N K series (e), S
K series (f), O K series (g), and Fe K series (h).

The morphologies of G, IONPs, GPSB, and GPSBI were further investigated using
TEM measurements. The TEM images of G depicted in Figure S4 reveal the plate-like,
wrinkled structure of graphene sheets. The lateral size of the graphene sheets in G was
measured as 9 ± 4 μm.

Figure 4 exhibits the morphology of GPSB and GPSBI composites. Figure 4a–c il-
lustrates the TEM images of GPSB composites, displaying the layered, folded, wrinkled
structure with many small graphene sheets on large graphene sheets. The lateral size of
graphene sheets in GPSB was measured as 2.5 ± 0.2 μm. Figure S5 exposes the aggregated
spherical shape IONPs particles with an average size of about 20 ± 8 nm. The size of
IONPs measured from XRD (~17 nm) and TEM (20 ± 8 nm) shows a similar result. Aggre-
gated IONPs (Figure S5) suggest that the surface is not well stabilized with the stabilizing
molecules/benzyl alcohol used during the preparation of IONPs. However, the IONPs
in GPSBI composites (Figure 4d) show a uniform distribution. In addition, Figure 4d–f
reveals the thin graphene sheets compared to graphene sheets in GPSB (Figure 4a–c). This
reveals that PSB and IONPs have effective interaction with graphene sheets in GPSBI. Thus,
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the uniform distribution of IONPs on the graphene surface is observed in the TEM image.
The lateral size of graphene sheets in GPSBI was measured at 1.5 ± 0.2 μm, and IONPs
were measured at 18 ± 5 nm, showing that the size of the IONPs is maintained in the
stabilization of the graphene surface.

Figure 4. TEM images of GPSB (a–c) and GPSBI (d–f) with different magnifications.

The XPS data provide further information about the chemical composition and for-
mation of GPSB and GPSBI. The survey XPS spectrum of G is depicted in Figure S6, with
peaks at binding energy of ~286 and ~530 eV attributed to C 1s and O 1s, respectively
(Figure S6a). The C 1s level deconvoluted into four peaks at 284.76, 285.52, 286.22, and
286.92 eV, attributed to C=C/C-C, C-O, C=O, and O=C-OH, respectively (Figure S6b). The
deconvoluted XPS spectra of O 1s for G shown in Figure S6c show oxygen in different
functional groups: C=O (531.80 eV), C-O (533.16 eV), and O=C-O (533.84 eV). Figure S6d
shows the survey spectrum of IONPs, which contains Fe and O elements. Figure S6e
displays the Fe 2p high-resolution spectrum, with two prominent peaks at ~711 and 724 eV
assigned to Fe 2p3/2 and Fe 2p1/2, respectively, consistent with the reported IONPs [58,59].
Deconvolution of Fe 2p3/2 shows three peaks at 710.98, 714.54, and 719.01 eV attributed to
Fe3+, Fe2+, and satellite peaks of Fe 2p3/2, respectively. Three peaks observed on deconvo-
lution of Fe 2p1/2 at 724.08, 727.13, and 732.36 eV correspond to Fe3+, Fe2+, and satellite Fe
peak of Fe 2p1/2, respectively. This result reveals that the major component of IONPs is
Fe3+ with a minor component of Fe2+.

The XPS spectra of GPSB are shown in Figure 5, and the survey spectra of GPSB are
depicted in Figure 5a. The survey spectrum indicates the presence of elements such as S
2p, C 1s, N 1s, and O 1s at 170, 285, 403, and 530 eV, respectively. On deconvolution of C
1s (Figure 5b), five peaks were observed at 284.76, 285.59, 286.37, 287.13, and 289.12 eV,
responsible for C=C/C-C, C-N/C-SO3, C-O, C=O, and O=C-O/O-C-SO3, respectively.
The SO3 arises from the sulfonate group in PSB [60,61]. The deconvoluted XPS spectra of
N 1s for GPSB, shown in Figure 5c, reveal oxygen atoms in different functional groups:
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−N− (399.75 eV) and −N(CH3)3
+ (402.65 eV) [60]. The O 1s level (Figure 5d) shows four

peaks at 531.28, 532.40, 533.62, and 534.45 eV corresponding to C=O, C-O, O=C-OH, and
H-O-H (moisture), respectively. Figure 5e shows the S 2p level with deconvolution results
in four peaks at 164.06, 165.22, 167.68, and 168.89 eV attributed to oxidized S, C-SO3

2−
2p3/2, and C-SO3

2− 2p1/2, respectively. The presence of −SO3 and −N(CH3)3
+ confirms

the functionalization of the graphene surface with PSB.

Figure 5. XPS spectra of GPSB: (a) survey spectra, (b) C 1s, (c) N 1s, (d) O 1s, and S 2p (e).

Figure 6 shows the XPS spectra of GPSBI. The survey spectra show distinct peaks of S
2p, C 1s, N 1s, O 1s, and Fe 2p at 170, 284, 401, 532, and 712 eV, respectively (Figure 6a).
Five peaks were observed on deconvolution of the C 1s level (Figure 6b) at 284.80, 285.68,
286.51, 287.31, and 289.22 eV responsible for C=C/C-C, C-N/C-SO3, C-OH/C-O-C, C=O,
and O=C-O/O=C-SO3, respectively. Deconvolution of the N 1s level results in two peaks at
400.14 and 402.78 eV, attributed to the presence of −N(CH3)3

+ and −N- groups in GPSBI,
respectively (Figure 6c). Four peaks at 530.56, 531.65, 532.76, and 534.06 eV were observed
on the deconvolution of O 1s (Figure 6d), responsible for C=O, C-O/Fe-O, O=C-OH, and
H-O-H, respectively. Figure 6e depicts the high-resolution spectra of GPSBI at the S 2p
level, resulting in four peaks on deconvolution. Two trace peaks of oxidized S at 164.21 and
165.36 eV and major peaks at 167.85 and 169.06 eV are responsible for C-SO3

2− 2p3/2 and
C-SO3

2− 2p1/2, respectively. At the Fe 2p level, GPSBI showed six peaks on deconvolution,
which is clear from Figure 6f. Three peaks were observed at the Fe 2p3/2 level at 711.41,
714.46, and 719.35 eV, which are attributed to Fe3+, Fe2+, and Fe 2p3/2 satellite peaks,
respectively. Similarly, the Fe 2p1/2 level showed peaks at 724.47, 727.35, and 732.81 eV,
which are responsible for Fe3+, Fe2+, and Fe 2p1/2 satellite peaks, respectively. This result
reveals that the major composition of IONPs in GPSBI is Fe3+. XPS studies reveal that the
major component of IONPs is Fe3O4, and it has a minor component, α-Fe2O3. Moreover,
the structure of IONPS remains the same in GPSB, and GPSBI structural changes were
not observed.
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Figure 6. XPS spectra of GPSBI: (a) survey spectra, (b) C 1s, (c) N 1s, (d) O 1s, (e) S 2p, and (f) Fe 2p.

The thermal behaviors of G, IONPs, PSB, and prepared composites were studied by
TGA. G, IONPs, GPSB, GPSBI, and PSB samples were subjected to thermal decomposition
up to 900 ◦C in the inert atmosphere, as shown in Figure 7. The thermal pattern of G and
IONPs clearly show residue of about 98.19% and 95.01%, respectively. This reveals the
stability of G and IONPs. The 5% loss in IONPs and 2% loss in G might be responsible
for the degradation of adsorbed water molecules or moisture on the surface. PSB showed
three-step degradation, with weight loss of 5% below 200 ◦C, weight loss of 16.5% between
230 and 320 ◦C, and weight loss of 84.5% above 350 until 450 ◦C, which are attributed to
adsorbed water molecules, the degradation of nitrogen atoms from quaternary ammonium
salt, and sulfate groups, respectively [62–64]. The remaining polymer degraded and showed
a residual weight of about 5.66% at ~900 ◦C. The composites GPSB and GPSBI showed
three-step degradation. The 5% weight loss observed for GPSB around 100 ◦C was due
to the degradation of adsorbed water molecules. As a second step, polymer degradation
takes place with a weight loss of 23.58% between 250 and 320 ◦C (nitrogen groups). The
sulfate groups degraded between 320 and 425 ◦C with a weight loss of 32.6%. Furthermore,
GPSB showed residual weight loss of 60.5% observed until ~900 ◦C, which was attributed
to the degradation of left polymer structures and decomposition of most stable oxygen
functionalities [65,66]. In GPSBI composites, 5% weight loss at about 100 ◦C was due to the
degradation of water molecules that began at about 70 ◦C. The PSB polymer decomposition
occurred in two steps at 250–320 ◦C (nitrogen atoms) and 350–420 ◦C (sulfonate) with
weight loss of ~23% and ~28%, respectively. From ~450 ◦C to 730 ◦C, weight loss might be
due to the degradation of the remaining part of the polymer and degradation of IONPs left
with the residual weight of about 58.8% at around 900 ◦C [66].
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Figure 7. TGA thermograms of G, IONPs, GPSB, GPSBI, and PSB.

The overall studies revealed that PSB interacts with graphene surfaces through ester,
quaternary ammonium, and oxygen from sulfonate units. Furthermore, sulfonate units
from PSB interact simultaneously with IONPs and graphene surfaces. These interactions
help to thoroughly disperse GPSB and GPSBI composites in water. Thus, the hydrophobic
nature of the graphene surface can be converted to hydrophilic nature and can be applied
to bio-applications.

4. Conclusions

We successfully prepared GPSB and GPSBI composites using a simple method. XRD
and Raman studies confirm the partial exfoliation of graphite into thin-layered graphene
sheets in GPSB and GPSBI composites. TEM and SEM measurements revealed the size
of graphene sheets in GPSB and GPSBI as 3 ± 0.2 μm. These graphene sheets are smaller
than the graphene sheets that were in G. From XRD and TEM studies, IONP size was
measured as ~20 nm. The elemental mapping further showed the uniform distribution
of PSB and IONPs on graphene sheets. XPS and TGA revealed the presence of PSB and
IONPs in the prepared composites. TGA showed the residual weight as 60.5% and 58.8%
for GPSB and GPSBI, respectively. This shows the amount of graphene that exists in the
prepared composites. The combination of PSB with graphene surface showed remarkable
structural and physicochemical properties with IONPs. These composites with outstanding
functionalities can be potential candidates for biomedicine applications.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
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FESEM images and elemental mapping of G, Figure S3: FESEM images and elemental mapping of
IONPs, Figure S4: TEM images of G, Figure S5: TEM images of INOPs, and Figure S6: XPS spectra of
G and IONPs.
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Abstract: The polymers based on diaminomaleonitrile (DAMN polymers) are a special group within
an extensive set of complex substances, namely HCN polymers (DAMN is the formal tetramer of
the HCN), which currently present a growing interest in materials science. Recently, the thermal
polymerizability of DAMN has been reported, both in an aqueous medium and in bulk, offering
the potential for the development of capacitors and biosensors, respectively. In the present work,
the polymerization of this plausible prebiotic molecule has been hydrothermally explored using
microwave radiation (MWR) via the heating of aqueous DAMN suspensions at 170–190 ◦C. In this
way, polymeric submicron particles derived from DAMN were obtained for the first time. The
structural, thermal decomposition, and electrochemical properties were also deeply evaluated. The
redox behavior was characterized from DMSO solutions of these highly conjugated macromolecular
systems and their potential as semiconductors was described. As a result, new semiconducting
polymeric submicron particles were synthetized using a very fast, easy, highly robust, and green-
solvent process. These results show a new example of the great potential of the polymerization
assisted by MWR associated with the HCN-derived polymers, which has a dual interest both in
chemical evolution and as functional materials.

Keywords: HCN polymers; DAMN; electrochemical properties; soft submicron particles; microwave-
driven polymerization

1. Introduction

Diaminomaleonitrile, DAMN, is a π-conjugated compound with electron donor (-NH2)
and electron acceptor (-CN) substituents, and a high electron affinity, which features a
strong intramolecular charge transfer interaction. Its high nitrogen content has meant that
it has often been used as a versatile precursor for heterocycles, for example, imidazoles,
triazoles, porphyrazines, pyrimidines, pyrazines, diazepines, and purines. DAMN can be
used as synthetic precursor of fluorescent dyes, jet-printing links, hair dyes, and biologically
active compounds such as insecticides and anticancer agents [1]. In addition, DAMN has
potential in the area of chemosensors for the sensing of ionic and neutral species because of
its ability to act as a building block for well-defined molecular architectures and scaffolds for
preorganized arrays of functionality, as it has been reviewed in the literature [2]. Moreover,
there is currently a growing interest in the development of macromolecular systems based
on DAMN. In this sense, DAMN is the formal tetramer of hydrogen cyanide, HCN, and
the potential applications of the DAMN polymers should be understood in the light of the
up-to-date attention of the HCN polymers in the field of materials science. The DAMN
polymers are a particular group within the more general set of the HCN-derived polymers.
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HCN-derived polymers, or simply HCN polymers, can be currently considered as
a new promising type of multifunctional soft materials [3–5]. This heterogeneous family
of complex substances present interesting properties that consequently encourage the
development of emergent photocatalyzers [6], semiconductors, nanowires, ferroelectric ma-
terials [7], capacitors [8], coatings with potential biomedical applications [9–11], protective
films against corrosion [12,13] and bacteria [14], antimicrobial media for passive filters [15],
and biosensors [16] based on the HCN oligomerization/polymerization chemistry.

HCN polymers have been obtained under multiple conditions, i.e., using net liquid
HCN together with a basic catalyzer such as ammonia or trimethylamine [17,18]; by the
irradiation of HCN gas or aqueous solutions [19–21]; from alkaline water solutions of
pure HCN or their soluble salts such as NaCN or KCN (see e.g., [22–28]); through the wet
polymerization of its trimer, aminomalononitrile (AMN), at room temperature [29]; by
DAMN, using thermal activation, both in bulk [16,30–32] and in an aqueous solution [8];
and even by the heating of its hydrolysis product, formamide [33]. Moreover, the generation
of HCN polymers assisted by the microwave radiation (MWR) of formamide [34] and
cyanide [35] has been recently described.

The advantages of using MW dielectric heating for performing polymerization reac-
tions are well known (e.g., the remarkable reduction in polymerization time, improved
monomer conversion, and clearer reactions than the ones conducted under a conventional
thermal system (CTS)). In addition, the production of HCN polymers at the nanoscale
was only achieved when this innovative synthetic methodology was applied to aqueous
NH4CN polymerizations varying the reaction times and the temperatures between 130
and 205 ◦C [36]. In the present work, the production of soft submicron particles from
the MW-driven polymerization of DAMN is described, whereas conventional thermal
polymerization conditions were found to be ineffective in this regard [8]. On the other
hand, it has been suggested that the integration of polymeric HCN-derived nanoparticles
as fillers in different matrixes could lead to the design of novel composite materials [8].

Beyond these morphological aspects, the redox behavior of the several HCN polymers
is remarkable. The NH4CN polymers can be considered as insolating materials; on the
contrary, the DAMN polymers synthetized under hydrothermal conditions present a
capacitive performance [8]. Even DAMN polymers produced in bulk (in the absence
of a solvent), in both solid and molten state, have shown to be efficient materials for
the modification of electrodes and the development of biosensors [16]. Thus, it seems
interesting to explore the DAMN polymers for the design of electronic devices and the
potential generation of new composites with appropriate electrochemical properties.

While considering the potential of the assisted MW syntheses for the production of
polymeric HCN-derived nanoparticles and the singular electrochemical characteristics of
the DAMN polymers previously reported; herein, a new generation of submicron-sized
highly conjugated polymeric materials are described together with a detailed study of their
structural, thermal, and redox behaviors. In concrete, DAMN polymers were synthetized
at 170 and 190 ◦C under the presence of air or an inert atmosphere of nitrogen. Therefore,
the results reported in the present work not only can be of interest for the design of coming
multifunctional materials, but also in the field of the origins of life, since they could enrich
the understanding of prebiotic chemistry [37].

2. Materials and Methods

2.1. Synthesis of the DAMN Polymers

All the DAMN polymers synthetized in this work were synthetized from aqueous sus-
pensions of 135 mg of commercial DAMN (98%, purchased from Sigma Aldrich (St. Louis,
MO, USA) and used as received) in 5 mL of distillated water, under air or N2, using 20 mL
capacity vials fitted with Teflon/silicone septa. The reaction times, temperatures, and
the work pressures for each experiment are indicated in the Table 1. A Biotage Initiator
+ microwave reactor purchased by Biotage (Sweden) was used in the present study. The
power supplied by the reactor is in the range from 0 to 400 W from a magnetron at 2.45 GHz,
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with a power of about 70–95 W for the temperatures chosen in this work. No additional
efforts were made regarding the heating ramp to obtain the desired work temperature, as
was the case for the NH4CN polymerizations [35]. No pressure peaks were observed for
the release of gaseous species such as ammonia. The final dark suspensions were vacuum
filtered using glass fiber filters (Merck Millipore Ltd. (Burlington, MA, USA) and washed
with water. For details of the MW reactor and of the filtration system, please see Figure 1
in [36]. In addition, Scheme 1 shows a graphical diagram for the synthesis of the DAMN
polymers described herein. The gel fractions were collected and dried under reduced
pressure. Polymeric conversions, α, were calculated as α (%) = [(final weight of insoluble
dark polymer/initial weight of DAMN)·100].

Table 1. Experimental conditions for the production of DAMN polymers assisted by MWR.

Polymer T (◦C) t (min) Air P (bar) (a) α (%) C/H C/N N/O (b)

1 170 16 - 12 36 ± 3 1.00 ± 0.17 1.28 ± 0.02 2.47 ± 0.18
2 190 3.2 - 17 33 ± 3 1.02 ± 0.09 1.25 ± 0.02 2.83 ± 0.11
3 170 16 + 12 38 ± 2 1.08 ± 0.16 1.28 ± 0.01 2.66 ± 0.20
4 190 3.2 + 17 33 ± 2 1.02 ± 0.02 1.26 ± 0.01 2.70 ± 0.04

(a) Pressures reached using the hydrothermal conditions discussed herein. At least three independent experiments
were carried out to calculate α values. In the same way, at least three independent samples were measured to
determinate the molar relationships of C/H, C/N, and N/O. (b) The O percentage was calculated by difference
from the results of the CHN elemental analysis.

Scheme 1. General synthetic procedure for the MW-driven polymerization of DAMN. In particular,
the imagines show the synthesis of polymer 4 (Table 1).

2.2. Characterization of the DAMN Polymers
2.2.1. Elemental Analysis

Approximately 5 mg of polymer sample was examined for determination of the
mass fractions of carbon, hydrogen, and nitrogen by using a PerkinElmer elemental an-
alyzer, model CNHS-2400. The oxygen content of the samples was calculated by means
of the difference.

2.2.2. FTIR Spectroscopy

Diffuse-reflectance spectra were acquired in the 4000–400 cm−1 spectral region with an
FTIR spectrometer (Nicolet, model NEXUS 670) configured with a DRIFT reflectance acces-
sory (Harrick, model Praying Mantis DRP) mounted inside the instrument compartment.
The spectra were obtained in CsI pellets, and the spectral resolution was 2 cm−1.

2.2.3. C Solid-State Cross Polarization/Magic Angle Spinning Nuclear Magnetic
Resonance (CP/MAS) NMR

13C CP MAS NMR spectra were obtained with a Bruker Advance 400 spectrometer
and a standard cross-polarization pulse sequence. Samples were spun at 10 kHz, and
the spectrometer frequency was set to 100.62 MHz. A contact time of 1 ms and a period
between successive accumulations of 5 s were used. The number of scans was 5000, and
the chemical shift values were referenced to TMS.
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2.2.4. Powder XRD

Powder XRD was performed with a Bruker D8 Eco Advance with CuKα radiation
(λ = 1.542 Å) and a Lynxeye XE-T linear detector. The X-ray generator was set to an acceler-
ation voltage of 40 kV and a filament emission of 25 mA. Samples were scanned between 5
(2θ) and 50◦ (2θ) with a step size of 0.05◦ and count time of 1 s in Bragg–Brentano geometry.

2.2.5. UV-Vis Spectroscopy

UV-Vis spectra were obtained using an Agilent 8453 spectrophotometer. All spectra
were recorded in DMSO [38].

2.2.6. Thermal Analysis

Thermogravimetry (TG), differential scanning calorimetry (DSC), and differential
thermal analysis (DTA) were performed with a simultaneous thermal analyzer model
SDTQ-600/Thermo Star from TA Instruments. Non-isothermal experiments were carried
out under dynamic conditions from room temperature to 1000 ◦C at a heating rate of 10 ◦C
min−1 under argon atmosphere. The average sample weight was approximately 20 mg,
and the argon flow rate was 100 mL min−1. In the present case, only the TGA data were
discussed. A coupled TG-mass spectrometer (TG-MS) system equipped with an electron-
impact quadrupole mass-selective detector (model Thermostar QMS200 M3) was employed
to analyze the main species that evolved during the dynamic thermal decomposition of all
of the samples.

2.2.7. Scanning Electron Microscopy (SEM)

The surface morphologies of the polymers were determined by a ThermoScientific
Apreo C-LV field emission electron microscope (FE-SEM) equipped with an Aztec Oxford
energy-dispersive X-ray microanalysis system (EDX). The samples were coated with 4 nm
of chromium using a sputtering Leica EM ACE 600. The images were obtained at 10 kV.

2.2.8. Particle Size Analysis

The values of the Z-average and polydispersity index (PdI) were registered using a Ze-
tasizer Nano instrument (Malvern Instruments Ltd., Almelo, the Netherlands), employing
ethanol as a solvent to scatter the samples. Approximately 0.2 mg of the polymeric sample
was suspended in 2 mL of ethanol and sonicated for 15 min, and the resulting solution was
then measured.

2.2.9. Surface Area

Brunauer–Emmett–Teller (BET) surface areas were evaluated by nitrogen adsorption–
desorption isotherms obtained at −196 ◦C using a Micromeritics ASAP 2010 device. Before
each measurement, the samples were degassed at 250 ◦C for at least 3 h.

2.2.10. Density

Density for DAMN polymers’ data were obtained in a helium pycnometer AccuPyc
1340 of Micromeritics.

2.2.11. Gel-Permeation Chromatography (GPC)

The apparent molecular weights of the DAMN polymers were estimated by gel-
permeation chromatography (GPC) using poly(methyl methacrylate) as standard (Polymer
Laboratories, Laboratories, Ltd. (USA) ranging from 2.4 × 106 to 9.7 × 102 g/mol) from
suspensions of 8 mg/mL of DAMN polymers in dimethylformamide (DMF).

2.3. Electrochemical Measurements

An Ecochemie BV Autolab PGSTAT 12 with a conventional three-electrode cell at
20–21 ◦C was used in the electrochemical studies. The electrodes were a Pt disc (3 mm diame-
ter) as working electrode, a Pt wire as auxiliary, and an Ag/AgCl/KCl 3M (E = 0.205 vs. ENH)
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as reference electrode. All electrochemical measurements were in dimethyl sulfoxide
(DMSO) with NaClO4 0.1 M as supporting electrolyte. All the polymer DMSO solutions
were stable and showed no changes even during or after the electrochemical experiments.

3. Results and Discussion

3.1. Synthetic Conditions and Chemical Composition of the DAMN Polymeric Submicron Particles

Considering the technical specifications of the MW reactor’s manufacture, the reaction
times used here in each case are roundly equivalent to a reaction time of 144 h at 80 ◦C using
a CTS. It is known that in the case of cyanide polymers, if equivalent reaction times are used,
the main structural characteristics are preserved when the hydrothermal polymerization
reactions are carried out using a CTS or under MWR, and only the morphology (shape and
size) of the polymeric particles is modified [36]. Observe that the properties of the HCN
polymers are greatly affected in the synthetic conditions [3]. Therefore, it is mandatory
to check if the MWR could only alter the morphology of the DAMN polymeric particles
(as in the case of the cyanide polymers) or if it would also have an influence on the
structural characteristics of the macromolecular system. For that, a previously well-studied
analogous DAMN polymer synthetized using CTS was used as a reference polymer (RP)
for comparative purposes. Note that no submicron particles were observed for this RP
synthetized under these particular conditions (0.25 M water suspensions of DAMN heating
at 80 ◦C for 144 h under atmospheric pressure) [8].

Table 1 shows the experimental conditions used for the production of soft submicron
particles based on the MW-driven DAMN polymerization, and two working temperatures,
170 and 190 ◦C, were chosen since the temperature could also have a significant influence on
the morphological properties of the DAMN polymers [36]. On the other hand, since the final
properties of the materials are directly dependent on their structure, it is also mandatory
to have as much control as possible on the experimental conditions of polymerization,
including the working atmosphere. It has been shown that the atmosphere seems to have
a notable influence on the crystallographic properties of HCN polymers, increasing the
crystallinity when the reactions are carried out using an inert atmosphere [35]. Thus,
experiments under nitrogen (Table 1, polymers 1 and 2), or under atmospheric air (Table 1,
polymers 3 and 4) were carried out. In addition, the experiments conducted under anoxic
conditions could simulate prebiotic hydrothermal conditions, because DAMN can be
considered as an important prebiotic precursor [24].

The conversion (α) obtained for all the reactions were all similar and about 35% was
found (Table 1), independently of the pressure atmospheric work (air or nitrogen). There-
fore, the hydrothermal polymerizations of DAMN do not seem to be influenced by the
presence of air, as was the case of the MW-driven polymerizations of cyanide. In that
case, the yield of the reactions was substantially diminished under an inert nitrogen atmo-
sphere [36]. However, the lower conversions reached for polymers 1–4 compared to the
RP (~75%) seems to indicate that the secondary oxidation processes from DAMN to diimi-
nosuccinonitrile, and the hydrolysis reactions from DAMN to the formation of formamide,
glycine, and aminomalonic acid, could be notably increased by the high temperatures and
pressures used in the present study, in agreement with a previous proposal made by Ferris
and Edelson [39] (Scheme 2). Moreover, it is important to mention that we also observed
experimentally via gas chromatography-mass spectrometry (GC-MS) the formation of
urea, oxalic acid, glycine, and formamide in the DAMN polymerization processes under
hydrothermal conditions using a CTS (data not shown). Thus, the minor available amount
of DAMN likely leads to a diminution of the precipitated DAMN polymers.
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Scheme 2. Products of hydrolysis and oxidation of DAMN proposed by Ferris and Edelson [39], and
according to our recent results.

On the other hand, the results of the elemental analysis indicate very similar chemical
compositions for the four polymers (Table 1). Moreover, the N/O ratios are comparable to
the RP, while the C/N values are slightly greater; however, the C/H data are somewhat
lower please see [8]. The roughly empirical formulas for polymers 1–4 are C3H3N2O,
C13H13N10O4, C15H14N12O5, C12H12N10O4, and respectively; and C5H5N4O2 for the RP.

3.2. Structural Characterization

The structural characteristics of polymers 1–4 inferred by FTIR, 13C NMR, and XRD
corroborated the high similarity between them and also with the RP [8] (Figure 1). The
IR spectra of polymers 1–4 show four regions centered at 3343, 2202, 1653, and 640 cm−1,
which have been largely described elsewhere (see e.g., [38,40,41]). In brief, these bands can
be related to amine and hydroxyl groups, nitrile, and imine bonds (Figure 1a). The nitrile
bands are more intense than that observed in the equivalent RP sample. This observation
can be quantitatively calculated by the EOR values (extension of the reaction, [42]) (Table 2).
However, no other significant differences were observed between the FTIR spectra from
polymers 1–4 and from the RP. The values of the EOC (extension of the conjugation [35])
were comparable for all the polymers (Table 2). Thus, at first glance, this quantitative
spectroscopic analysis seems to indicate that the DAMN polymers synthetized using MWR
or a CTS present similar macrostructures, only with a slight increase in the EOR value.
These differences can also be observed by 13C NMR and XRD.

Table 2. Summary of some quantitative parameters from the FTIR spectra, such as EOR and
EOC, taking into account the intensity of the band centered around 3340, 2200, and 1650 cm−1.
EOR = [I1650/(I1650 + I2200)] × 100 and EOC = [I1650/(I1650 + I3340)] × 100.

EOR (%) EOC (%)

Conditions 170 ◦C 190 ◦C 170 ◦C 190 ◦C
N2/MWR 76 ± 2 74 ± 2 47 ± 1 48 ± 1
Air/MWR 77 ± 3 73 ± 1 48 ± 2 48 ± 1

EOR (%) EOC (%)
Air/CTS 86 ± 1 45 ± 1
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Figure 1. (a) Representative FTIR spectra of polymers 1–4. (b) Solid state 13C NMR spectra of
polymers 1–4. In the insert plot, the 13C NMR spectrum of the RP is shown [8]; (c) Subtractions of the
13C NMR spectra; (d) Representative XRD patters of polymers 1–4.

The solid-state CP MAS 13C NMR spectra for polymers 1–4 are very similar between
themselves and no notable differences were found, showing broad and unresolved reso-
nances at 167, 160, 155, 143, 131, 116, and 105 ppm (Figure 1b). These same resonances
were also observed in the 13C NMR spectrum of the analogous RP (insert plot in Figure 1b).
These signals can be assigned to carbon in nitrogenous functional groups, such as imines
and nitriles, or being part of imidazoles or pyrazines rings; additionally, they can also be
assigned to the carbon of the oxygenated groups such as amides and on heterocycles such
as oxazoles [8]. The subtractions of these spectra of polymers 3 and 4 to the 13C NMR
spectrum of the RP are indicated in Figure 1c. The macrostructures of the polymers 3 and
4 present additional peaks at 165, 155, 144, and 117 ppm with respect to the RP. The first
one can be attributed to C=O from esters of the amides, the second resonance to –C=N-
from azomethine groups and/or from N-heterocycles, the broad signal with a maximum at
144 ppm can be assigned to C=C in heteroaromatic systems, and the last one at 117 ppm
with nitrile groups (in good agreement with the FTIR spectra). Thus, it seems that the
DAMN polymers from the MWR syntheses present a greater portion of N-heterocycles
and aromatic carbons than the RP. It was proposed that the DAMN polymers synthetized
under conventional hydrothermal conditions are complex mixtures of extended conjugated
systems, lineal or cyclic, based on their NMR spectra [8], as it is shown in Scheme 3. The
comparison between the FTIR data and the subtractions of the 13C NMR spectra appears
to indicate that the MWR improves the formation of the N-heterocyclic fractions and the
polyamide portion in the structures of the DAMN polymers. The XRD patters of polymers
1–4 show only one peak at 2θ = 27.4◦, which can be related to the (002) diffraction of
the graphitic layers [37], with interlayer distances of 3.26 Å in all the cases (Figure 1d).
However, they are considerably different to those found for the RP [8], since the weak
peak related to the (100) reflections is missing when the polymers are synthetized by MWR.
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This result may be related to a different in-plane structural packing motif. In this way,
polymers 1–4 could present amorphous, disordered, in-plane and out-plane structures
with only a nanoscopic range order by the stacking of the main structural motif due to the
lack of peaks at lower 2θ [43,44]. On the other hand, when the polymerization of DAMN
is carried out under a nitrogen atmosphere, the intensity of the peaks is increased while
their width is decreased. This fact probably points out a higher order in the stacking of
the two-dimensional (2-D) macrostructures for polymers 1 and 2 (Figure 1d), in agreement
with previous results [35] as commented above.

Scheme 3. Structures proposed for the DAMN polymers synthetized under hydrothermal conditions,
based on their FTIR and 13C NMR spectra (for details, please see [8]).

Finally, the UV-Vis spectra of polymers 1–4 show a main absorption at around 430 nm,
which may be related to a π–π * transition along the polymeric backbone (Figure 2) [45].
Moreover, the samples synthetized at 170 ◦C (polymers 1 and 3) exhibit an additional
weak band centered at ~310 nm, which is likely due to aromatic fragments that have a
naphthalene-like frame [46].

92



Polymers 2022, 14, 3460

Figure 2. UV-Vis spectra of polymers 1–4 registered using DMSO as solvent.

3.3. Thermal Stability

The derivative thermogravimetry (DTG) curves can be considered as excellent fin-
gerprints for HCN-derived polymers for samples showing similar spectroscopic data, but
synthetized under different experimental conditions; thus, the derived fragments from
the thermogravimetry-mass spectrometry (TG-MS) analysis may be very useful for the
structural elucidation of these types of complex systems [47]. In Figure 3, the DTG-grams
and the TG-MS curves of polymers 1–4 are shown. For all the samples, three thermal
degradation steps are observed (drying, <225 ◦C; main decomposition, 225–450 ◦C; car-
bonization, >450 ◦C) (Figure 3a,b), displaying temperatures of the DTG maxima around
80–90, 240, 420, 680, and 830 ◦C, and leaving char residues of ~25% in weight, in agreement
with previous results from the RP [8], with the exception of a DTG peak around 330 ◦C,
which is not found in the polymers synthetized herein. These results denote a thermo-
structural resemblance, but no identical structures for the DAMN polymers synthetized
under hydrothermal conditions using MWR against a CTS, according to the spectroscopic
data discussed above. The lack of the thermolabile groups at ~330 ◦C could be related
to the greater proportion of structures based on N-heterocycles and could therefore be
more thermally stable than the corresponding lineal blocks or segments on the polymeric
backbone found in the DAMN polymers synthetized using MWR, as commented above.

Similar conclusions can be inferred from the TG-MS traces. Polymers 1–4 show the
same fragmentation pattern (Figure 3c–f). The fragments at m/z = 16, 17, 18, 26, 27, 28, 43,
44, 45, and 52 can be assigned to +NH2, +OH/+NH3, +H2O, +CN, +HCN, +N2, +H3CN2,
formamidine +H(C=NH)NH2/+CO2, formamide +HCONH2, and +-CH=CH-CN, respec-
tively. All these signals were also identified previously in other HCN polymers [16,47], but
the profiles of the curves are different depending on the experimental synthetic conditions
used for the HCN polymers’ production. This once again reveals the structural similarity
in the macromolecular backbone of all the HCN polymers with the main carbonization
process associated with the decyanation of the structure (m/z = 26 and 27, +CN and +HCN,
respectively) and related to a structure based mainly on a conjugated –C=N- system. In
addition, considering the oxygenated fragments (m/z = 44 and 45, +CO2 and formamide,
respectively) and the shape of the corresponding curves suggests that there are at least two
classes of oxygenated functional groups. On the one hand, the weaker bonds are present in
the pendant groups (for example, -COOH or -CONH2 from the hydrolysis of –CN groups)
or from the generation of lineal polyamides and/or polyacids (<450 ◦C); on the other hand,
the strongest bonds are present in the macrostructure formed, for instance, by oxazole
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rings (>450 ◦C) (Scheme 3). However, in any case, the presence of oxygenated functional
groups only can be related to the role of the water in the pathways of the formation of the
macrostructures, being independent of the occurrence of the air in the reaction environment.
In addition, all these fragments can be correlated with the macrostructures proposed in
Scheme 3 [47].

Figure 3. (a) DTG curves of polymers 1 and 3 and (b) of polymers 2 and 4; (c–f) ion intensity curves
for the main fragments from polymers 1, 2, 3, and 4, respectively, heated at 10 ◦C/min and under an
Ar atmosphere.

3.4. Morphological and Textural Properties

As it was indicated above, the MWR entails two important modifications both in
the shape and the size of the HCN-derived polymeric particles [35,36]. Thus, the RP
presents particles with no well-defined morphology at the micrometric scale. However,
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polymers 1–4 are much smaller and present uniform shapes, especially the polymers 1 and
3 (Figure 4). In polymers 2 and 4, a few long, isolated nanofibers were observed together
with particles with a long rice-like shape similar to those previously described for the
MW-driven polymerization of cyanide [35]. However, for the first time, it was found that
the DAMN polymeric submicron particles from polymers 1 and 3 exhibit only one pure
morphology. Previously, only mixtures of different morphologies and sizes for insoluble
HCN-derived polymeric particles were described, from microspheres to laminated particles
and with no well-defined shape microparticles [8,35,36].

Figure 4. SEM images for representative polymers: (a,b) 1; (c,d) 2; (e,f) 3; (g,h) 4.

In addition, the size distributions of polymers 1–4 present a Z-average of ~230 nm
(Figure 5, Table 3), with a narrower distribution for the samples prepared at 190 ◦C
(polymers 2 and 4), despite the presence of single isolated nanofibers. On the other hand, it
was statistically proven that the molecular sizes for the cyanide polymers were inversely
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related on the O content present on the macrostructure when the reactions were conducted
by MWR [36]. However, as it can be seen in the insert plot in Figure 5, for the DAMN
polymers, there seems to be a contrary behavior, i.e., a higher O percentage leads to larger
particles. Again, it is demonstrated that the properties of the HCN polymers are sensitive
to the experimental conditions chosen for their production, in this case, the reagent used
for their syntheses. Moreover, the size distributions seem to depend on a greater grade of
the polymerization temperature than the reaction atmosphere (air or N2), which is in good
agreement with the independence of the O proportion due to the presence or lack of air
during the polymerization processes.

Figure 5. Size distributions of the particles from polymers 1–4 measured by DLS. In the in-
sert plot, the relationship between the Z-average and the oxygen content in the corresponding
samples is represented.

Table 3. Morphological and textural characteristics and other physical properties of the DAMN
polymers 1–4. (a) Polydispersity index calculated from the results shown in Figure 5. (b) LP = Low
pressure; (c) HP = High pressure; (d) Mn = number-average molecular weight by GPC analysis.

Polymer

1 2 3 4

Z-average (nm) 279 224 233 215
PdI (a) 0.24 0.16 0.24 0.18
BET

Surface area (m2/g)
LP (b) 33.2 27.8 29.8 32.4
HP (c) 34.6 29.2 31.3 33.5

Density (g/cm3) 2.04 2.42 2.29 2.09
Mn

(d) 5300 7000 5900 6000

On the other hand, other textural and physical properties were measured (Table 3).
The BET surface area of polymers 1–4 have values around 30 m2/g. Moreover, the density
values of polymers 1–4 are roughly 2.2 g/cm3, being higher than the only value reported
in the bibliography for a HCN polymer, 1.62 g/cm3, which was obtained during the
manufacturing process of the HCN in the DuPont gas-manufacturing system [41]. Finally,
the number-average molecular weights (Mn) obtained by the GPC analysis for all the
samples were determined. These apparent molecular weights must be taken with care
because the solubility of the DAMN polymers is limited in DMF, and it is difficult to have a
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similar standard due to the high complexity of these systems, as it was shown in Scheme 3.
In any case, a high polymerization temperature could increase the Mn values, at least in
those samples prepared under an N2 atmosphere.

As a summary of all these multi-technical characterizations for polymers 1–4, it can be
said that the DAMN polymerization assisted by MWR leads to the generation of complex
mixtures of lineal and cyclic structures based mainly on C=N bonds (Scheme 3) with
an apparent greater proportion of N-heterocycles and amide groups with respect to the
analogous polymer synthetized using a CTS. At least a fraction of these heterogeneous
polymeric systems are 2-D macrostructures that are able to form stackings. This layer
arrangement is influenced by the use of an inert atmosphere during the polymerization
processes. Moreover, the MWR has allowed for the preparation, for the first time, of
uniform DAMN polymeric submicron particles with surface areas around 30 m2/g and a
density of ~2.2 g/cm3.

The close resemblance of the chemical and structural characteristics of polymers 1–4 is
also reflected in their electrochemical properties, showing a similar redox behavior, which
will be discussed in the next section. Noteworthily, the decrease in the particle size of the
DAMN polymers described herein has enabled the measurement of their electrochemical
properties in DMSO solutions against the voltammetry measurements made using pressing
powders of the RP [8].

3.5. Electrochemistry

In order to complete the characterization of the new DAMN polymers, their electro-
chemical properties were studied. All the polymers showed similar cyclic voltammograms
(CVs) with two stable redox systems, a quasi-reversible one at around −0.7 V, and an
irreversible one at 0.4 V approximately. Figure 6 shows the CV of polymer 1 as an example.

Figure 6. Cyclic voltammogram of polymer 1 in 0.1 M NaClO4/DMSO supporting electrolyte at scan
rate 100 mV s−1.

In order to determine the electrochemical properties of the four polymers, the re-
versible redox system has been chosen for a detailed study. Figure 7 shows the cyclic
voltammograms of about 3 × 10−5 M solutions of polymers 1–4 in NaClO4/DMSO. As it
can be seen, all the polymers present similar CVs, with a quasi-reversible electrochemical
system at very close potentials, corresponding to the same electroactive functional groups,
which is in agreement with their very similar macrostructures. The polymers’ correspond-
ing Tafel plots (overpotential vs. log i) [48] are shown in Figure 8. The slopes of the Tafel
plots allowed us to calculate the electron transfer coefficient, α, the number of electrons
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exchanged, n, and the exchange current density, j0. The results shown in Table 4 indicate
that, in all cases, the corresponding redox systems exchange one electron, and regarding the
α values, we can conclude that their symmetry is similar. That is to say, this electrochemical
system is the same in the four DAMN polymers.

Figure 7. Cyclic voltammograms of redox system of polymers 1–4 in about 0.1 M NaClO4/DMSO
supporting electrolyte at scan rate 100 mV s−1.

Figure 8. Tafel plots for the redox systems of the polymers: (a) 1; (b) 2; (c) 3; (d) 4.
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Table 4. Results of the electrochemical characterization of the DAMN polymers.

Polymer E0′ (V) n α D (cm2 s−1) kf (cm s−1) k0 (cm s−1) j0 (A cm−2)

1 −0.77 0.97 0.50 1.52 × 10−4 0.27 3.58 × 10−4 1.35 × 10−7

2 −0.77 0.97 0.49 1.05 × 10−4 0.29 3.19 × 10−4 8.44 × 10−7

3 −0.77 0.96 0.50 1.47 × 10−4 0.29 2.91 × 10−4 6.84 × 10−7

4 −0.77 0.96 0.50 1.43 × 10−4 0.26 3.19 × 10−4 8.41 × 10−7

In addition, the exchange current density, j0, equal to jc or ja at equilibrium (E = E0)
when the net current is zero, and indicative of the reversibility of the redox systems, allowed
us to estimate the standard rate constant of the electrochemical reaction, k0, from the j0 = n
F k0 C equation. The obtained values are very close, confirming the similar electrochemical
behavior of the four solved polymers.

On the other hand, the peak current for a reversible system (at 25 ◦C) follows the
Randles–Sevcik equation [49]:

ip = (2.69 × 105) n3/2 A C D1/2 v1/2

where n is the exchanged number of electrons, A is the electrode area, C is the concentration
(in mol/cm3), D is the diffusion coefficient, and v is the potential scan rate. That is to say,
the current must be directly proportional to the concentration and increases with the square
root of the scan rate. Thus, the dependence on the scan rate is indicative of an electrode
reaction controlled by mass transport. Figure 9 shows the obtained plots of peak current
density, normalized with the corresponding concentrations, vs. the square root of the scan
rate. All polymers show a linear relationship with the scan rate and the slopes allow us
to calculate the diffusion coefficients. The slopes of the lineal fits in Figure 9 suggest that
the diffusion coefficients are different and related to the different molecular weights of the
polymers. These results also indicate the electrochemical stability of the polymers.

Figure 9. Variation of normalized cathodic current densities with the square root of scan rate.

In addition, the study of the diffusion with rotating electrode by the Koutecky–Levich
treatment [48] allows us to determine the influence of the kinetics in the global process
and the value of the rate constant of the forward reaction (reduction) at the measurement
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potential, and to calculate the diffusion coefficient. The limiting current for the voltametric
wave is expressed by the Koutecky–Levich equation:

1
il
=

1
nFAk f C

+
1

0.62nFAD2/3ν−1/6Cω1/2

where n is the number of electrons, F the Faraday constant, A the electrode area, ν the DMSO
kinematic viscosity (0.0214 cm2·s−1), D the diffusion coefficient, ω the angular velocity, kf
the heterogeneous second-order rate constant, and C the bulk polymer concentration (in mol
cm−3). The slopes of the plots 1/il vs. l/ω l/2 allow us to calculate the diffusion coefficients
and the intercepts give us the rate constants. Figure 10 shows the Koutecky–Levich plots
obtained with the four polymers at E = −0.8 V. The obtained diffusion coefficients are close
to those obtained by the Randles–Sevcik equation, and the mean values are collected in
Table 4. The values are in concordance with the polymers’ size (see data of the Table 3). On
the other hand, the obtained kf values are very close and notably higher than the standard
value k0, indicating a very fast electrochemical reaction at E = −0.8 V.

Figure 10. Koutecky-Levich plots obtained for the four polymers at −0.8 V.

Finally, in order to complete the electrochemical study and consider the shape of the
CVs (Figure 6), we have considered it to be of interest to study the possibility of applying
these materials as semiconductors. The formal potentials of the two systems showed in
the CVs can be related to the p- and n-doping status of a semiconductor material and
can be used to calculate the HOMO (highest occupied molecular orbital), the LUMO
(lowest unoccupied molecular orbital), the band gap (the gap between the highest occupied
molecular orbital (HOMO)), and the lowest unoccupied molecular orbital (LUMO)) [50,51].
For these calculations, the values of the absolute potential for the standard hydrogen
electrode (SHE) and the potential difference between the Ag/AgCl and SHE of 4.43 eV
and 0.22 V were used. The formal potentials are usually taken as the average of the
anodic and cathodic peak potentials for both p- and n-doping systems. As expected,
all the polymers showed the same values for the formal potentials. Table 5 collects the
results obtained, which demonstrates that the synthesized polymers could be applied as
good semiconductors.
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Table 5. Electrochemical data determined from the peak potential values.

E0
ox (V) E0

red (V) HOMO (eV) LUMO (eV) Eg (eV)

0.34 −0.77 4.99 3.88 1.11

In this work, the electrochemical characterization of the new polymers has been carried
out. The preparation of the modified electrodes and their application for the development of
electrochemical devices is beyond our aim at this moment. In view of the results obtained in
the electrochemical characterization shown in this work, it is possible that we will address
the studies of modified electrodes in further work.

3.6. New Insights in Prebiotic Chemistry and Materials Science

Classically, HCN polymers have been considered preferential prebiotic precursors of
biomonomers [52] and the DAMN as a key intermediate in the oligomerization/polymerization
of HCN [3,24,39]. Beyond the interest in the generation of organics with biological ap-
plications, it was shown herein that DAMN under the simulated conditions of plausible
prebiotic-subaerial-hydrothermal environments (high temperatures, relatively high pres-
sure, and a lack of oxygen) lead to the generation of semiconducting submicron particles,
which could notably enrich the chemical space and enable the discovery of new protobiolog-
ical reaction networks due to their potential as catalyzers and photocatalyzers. These results
are especially interesting when considering the hypothesis about the role of hydrothermal
scenarios as good niches for the origins of life or at least for the advancement of molecular
complexity [53,54]. On the other hand, the robustness of the possible prebiotic syntheses
of HCN polymers offers additional competitive environmental and economic advantages
for the development of a new class of multifunctional polymeric materials using low-cost,
easy-to-produce, and green-solvent processes. Moreover, the DAMN polymerization is not
affected by the presence of air, thereby improving the handle of this one-pot process. On the
contrary, it was also shown that the DAMN is highly sensitive to hydrolysis and oxidation
reactions (Scheme 1). This fact leads to the decrease in the available amount of DAMN
susceptible to polymerization. A further research work is in progress to solve this weak-
ness of the hydrothermal polymerization of DAMN, using solvents other than water. The
preliminary results indicate that it is possible to obtain conversions for DAMN polymers
around ~90% with a narrower particle size distribution than reported herein. In any case,
this research showed the high capacity of the MWR for reducing the reaction time of poly-
merization to a few minutes, driving the formation of DAMN soft submicron particles as
semiconductors as a first step in the development of fillers in new composite materials and
others important applications such as medicine [55]. In addition, the results discussed in
the present work complete and extend the knowledge about related π-conjugated systems
based on diaminoanthraquinones [56], oligothiophenes with dicyanomethylene groups [57],
and C=N based systems with donor-acceptor intramolecular charge transfer [58] with opto-
electronic, amphoteric redox and semiconductive properties, respectively.

4. Conclusions

Bearing in mind that the possibility of tuning the morphology of HCN polymers
synthesized through MWR has been recently discovered, in the present study, DAMN
polymerization was explored with this technique. To achieve this, DAMN aqueous sus-
pensions were subjected to MWR at 170 and 190 ◦C and short reaction times, 3 and 16 min,
respectively. Although moderate yields of insoluble black polymers were found, their tex-
tural and morphological characteristics at the submicron scale allowed us to approach the
study, for the first time, of their redox properties in solution. Thus, the cyclic voltammetry
of these highly conjugated polymeric submicron particulate systems in DMSO solution
provided relevant information concerning their electrochemical behavior. In addition, the
diffusion coefficients and different kinetic parameters were estimated and confirmed the
high similarity of the four samples produced in this work, agreeing with the conclusions

101



Polymers 2022, 14, 3460

reached after the complete structural and thermal analyses were carried out. Moreover,
the new submicron particles synthetized from the air tolerant and very fast MW-driven
polymerization of DAMN can be considered as semiconductors based on the values of
the band gaps found. This study presents novel results that on the one hand increase
the prebiotic chemical space to be explored, and on the other hand show significant im-
provement in the production of the HCN polymers. As a general conclusion, DAMN is
a π-conjugated compound with a great potential for developing novel soft materials in
modern polymers science.
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Radiolytically in Aqueous Solutions of Cyanides and Simple Nitriles. Radiat. Res. 1983, 95, 248–261. [CrossRef]
21. Mizutani, H.; Mikuni, H.; Takahasi, M.; Noda, H. Study on the Photochemical Reaction of HCN and Its Polymer Products Relating

to Primary Chemical Evolution. Orig. Life Evol. Biosph. 1975, 6, 513–525. [CrossRef]
22. Villafañe-Barajas, S.A.; Ruiz-Bermejo, M.; Rayo Pizarroso, P.; Galvez-Martinez, S.; Mateo-Martí, E.; Colín-García, M. A serpentinite

lizardite-HCN interaction leading the increasing of molecular complexity in an alkaline hydrothermal scenario: Implications for
the origin of life studies. Life 2021, 11, 661. [CrossRef]

23. Ferris, J.P.; Joshi, P.C.; Edelson, E.H.; Lawless, J.G. HCN: A Plausible Source of Purines, Pyrimidines and Amino Acids on the
Primitive Earth. J. Mol. Evol. 1978, 11, 293–311. [CrossRef]

24. Ferris, J.P.; Hagan Jr, W.J. HCN and Chemical Evolution: The Possible Role of Cyano Compounds in Prebiotic Synthesis.
Tetrahedron 1984, 40, 1093–1120. [CrossRef]

25. Schwartz, A.W.; Voet, A.B.; Van der Veen, M. Recent Progress in the Prebiotic Chemistry of HCN. Orig. Life 1984, 14, 91–98.
[CrossRef]

26. Eastman, M.P.; Helfrich, F.S.E.; Umantsev, A.; Porter, T.L.; Weber, R. Exploring the Structure of a Hydrogen Cyanide Polymer by
Electron Spin Resonance and Scanning Force Microscopy. Scanning 2003, 25, 19–24. [CrossRef]

27. Fernández, A.; Ruiz-Bermejo, M.; de la Fuente, J.L. Modelling the Kinetics and Structural Property Evolution of a Versatile
Reaction: Aqueous HCN Polymerization. Phys. Chem. Chem. Phys. 2018, 20, 17353–17366. [CrossRef] [PubMed]

28. Mas, I.; de la Fuente, J.L.; Ruiz-Bermejo, M. Temperature Effect on Aqueous NH4CN Polymerization: Relationship between
Kinetic Behaviour and Structural Properties. Eur. Polym. J. 2020, 132, 109719. [CrossRef]

29. Toh, R.J.; Evans, R.; Thissen, H.; Voelcker, N.H.; d’Ischia, M.; Ball, V. Deposition of Aminomalononitrile-Based Films: Kinetics,
Chemistry, and Morphology. Langmuir 2019, 35, 9896–9903. [CrossRef] [PubMed]

30. Mas, I.; Hortelano, C.; Ruiz-Bermejo, M.; de la Fuente, J.L. Highly Efficient Melt Polymerization of Diaminomaleonitrile. Eur.
Polym. J. 2021, 143, 110185. [CrossRef]

31. Hortelano, C.; Ruiz-Bermejo, M.; de la Fuente, J.L. Solid-state polymerization of diaminomaleonitrile: Toward a new generation
of conjugated functional materials. Polymer 2021, 223, 123696. [CrossRef]

32. Mamajanov, I.; Herzfeld, J. HCN Polymers Characterized by SSNMR: Solid State Reaction of Crystalline Tetramer (Diaminomale-
onitrile). J. Chem. Phys. 2009, 130, 134504. [CrossRef]

33. Cataldo, F.; Lilla, E.; Ursini, O.; Angelini, G. TGA–FT-IR Study of Pyrolysis of Poly(Hydrogen Cyanide) Synthesized from Thermal
Decomposition of Formamide. Implications in Cometary Emissions. J. Anal. Appl. Pyrolysis 2010, 87, 34–44. [CrossRef]

34. Enchev, V.; Angelov, I.; Dincheva, I.; Stoyanova, N.; Slavova, S.; Rangelov, M.; Markova, N. Chemical Evolution: From Formamide
to Nucleobases and Amino Acids without the Presence of Catalyst. J. Biomol. Struct. Dyn. 2020, 39, 5563–5578. [CrossRef]

35. Hortal, L.; Pérez-Fernández, C.; de la Fuente, J.L.; Valles, P.; Mateo-Martí, E.; Ruiz-Bermejo, M. A Dual Perspective on the
Microwave-Assisted Synthesis of HCN Polymers towards the Chemical Evolution and Design of Functional Materials. Sci. Rep.
2020, 10, 22350. [CrossRef]

36. Pérez-Fernández, C.; Valles, P.; González-Toril, E.; Mateo-Martí, E.; de la Fuente, J.L.; Ruiz-Bermejo, M. Tuning the morphology in
the nanoscale of NH4CN polymers synthesized by microwave radiation: A comparative study. Polymers 2022, 14, 57. [CrossRef]

37. Yang, C.; Wang, B.; Zhang, L.; Yin, L.; Wang, X. Synthesis of Layered Carbonitrides from Biotic Molecules for Photoredox
Transformations. Angew. Chem. Int. Ed. 2017, 56, 6627–6631. [CrossRef] [PubMed]

103



Polymers 2022, 14, 3460

38. Ruiz-Bermejo, M.; de la Fuente, J.L.; Rogero, C.; Menor-Salván, C.; Osuna-Esteban, S.; Martín-Gago, J.A. New Insights into the
Characterization of ‘Insoluble Black HCN Polymers. Chem. Biodiver. 2012, 9, 25–40. [CrossRef]

39. Ferris, J.P.; Edelson, E.H. Chemical Evolution. 31. Mechanism of the Condensation of Cyanide to Hydrogen Cyanide Oligomers.
J. Org. Chem. 1978, 43, 3989–3995. [CrossRef]

40. De la Fuente, J.L.; Ruiz-Bermejo, M.; Nna-Mvondo, D.; Minard, R. Further progress into the thermal characterization of HCN
polymers. Polym. Degrad. Stab. 2014, 110, 241–251. [CrossRef]

41. Khare, B.N.; Sagan, C.; Thompson, W.R.; Arakawa, E.T.; Meisse, C.; Tuminello, P.S. Optical Properties of Poly-HCN and Their
Astronomical Applications. Can. J. Chem. 1994, 72, 678–694. [CrossRef] [PubMed]

42. Dalton, S.; Heatley, F.; Budd, P.M. Thermal Stabilization of Polyacrylonitrile Fibres. Polymer 1999, 40, 5531–5543. [CrossRef]
43. Miller, T.S.; Jorge, A.B.; Suter, T.M.; Sella, A.; Corà, F.; McMillan, P.F. Carbon nitrides: Synthesis and characterization of a new

class of functional materials. Phys. Chem. Chem. Phys. 2017, 19, 15613–15638. [CrossRef]
44. Ciria-Ramos, I.; Navascués, N.; Diaw, F.; Furgeaud, C.; Arenal, R.; Ansón-Casaos, A.; Juarez-Perez, E.J. Formamidinium halide

salts as precursors of carbon nitrides. Carbon 2022, 196, 1035–1046. [CrossRef]
45. Yamamoto, T.; Lee, B.-L. New Soluble, Coplanar Poly(naphthalene-2,6-diyl)-Type π-Conjugated Polymer, Poly(pyrimido[5,4-

d]pyrimidine-2,6-diyl), with Nitrogen Atoms at All of the o-Positions. Synthesis, Solid Structure, Optical Properties, Self-
Assembling Phenomena, and Redox Behavior. Macromolecules 2002, 35, 2993–2999. [CrossRef]

46. Wait, S.C.; Wesley, J.W. Azanaphthalenes: Part I. Huckel orbital calculations. J. Mol. Spectrosc. 1966, 19, 25–33. [CrossRef]
47. Ruiz-Bermejo, M.; de la Fuente, J.L.; Marín-Yaseli, M.R. The Influence of Reaction Conditions in Aqueous HCN Polymerization

on the Polymer Thermal Degradation Properties. J. Anal. Appl. Pyrolysis 2017, 124, 103–112. [CrossRef]
48. Bard, A.J.; Faulkner, L.R. Electrochemical Methods. In Fundamentals and Applications, 2nd ed.; John Wiley & Sons, Inc.: New York,

NY, USA, 2001; ISBN 0-471-04372-9.
49. Wang, J. Analytical Electrochemistry, 3rd ed.; Wiley & Sons, Inc.: Hoboken, NJ, USA, 2006; p. 32. ISBN 13 978-0-471-67879-3.
50. Admassie, S.; Inganäs, O.; Mammo, W.; Perzon, E.; Andersson, M.R. Electrochemical and optical studies of the band gaps of

alternating polyfluorene copolymers. Synth. Met. 2006, 156, 614–623. [CrossRef]
51. Johansson, T.; Mammo, W.; Svensson, M.; Andersson, M.R.; Inganäs, O. Electrochemical bandgaps of substituted polythiophenes.

J. Mater. Chem. 2003, 13, 1316–1323. [CrossRef]
52. Ruiz-Bermejo, M.; Zorzano, M.-P.; Osuna-Esteban, S. Simple organics and biomonomers identified in HCN polymers: An

overview. Life 2013, 3, 421–448. [CrossRef]
53. Rimmer, P.B.; Shorttle, O. Origin of Life’s Building Blocks in Carbon- and Nitrogen-Rich Surface Hydrothermal Vents. Life 2019,

9, 12. [CrossRef] [PubMed]
54. Deamer, D. Where did Life Begin? Testing Ideas in Prebiotic Analogue Conditions. Life 2021, 11, 134. [CrossRef] [PubMed]
55. Li, J.; Rao, J.; Pu, K. Recent Progress on Semiconducting Polymer Nanoparticles for Molecular Imaging and Cancer Phototherapy.

Biomaterials 2018, 155, 217–235. [CrossRef] [PubMed]
56. Masilamani, G.; Batchu, H.; Amsallem, D.; Bedi, A. Novel Series of Diaminoanthraquinone-Based π-Extendable Building Blocks

with Tunable Optoelectronic Properties. ACS Omega 2022, 7, 25874–25880. [CrossRef]
57. Takahashi, T.; Matsuoka, K.; Takimiya, K.; Otsubo, T.; Aso, Y. Extensive Quinoidal Oligothiophenes with Dicyanomethylene

Groups at Terminal Positions as Highly Amphoteric Redox Molecules. J. Am. Chem. Soc. 2005, 127, 8928–8929. [CrossRef]
58. Bedi, A.; Senanayak, S.P.; Das, S.; Narayan, K.S.; Zade, S.S. Cyclopenta[c]thiophene oligomers based solution processable D–A

copolymers and their application as FET materials. Polym. Chem. 2012, 3, 1453–1460. [CrossRef]

104



Citation: Wahab, M.; Bhatti, A.; John,

P. Evaluation of Antidiabetic Activity

of Biogenic Silver Nanoparticles

Using Thymus serpyllum on

Streptozotocin-Induced Diabetic

BALB/c Mice. Polymers 2022, 14, 3138.

https://doi.org/10.3390/polym

14153138

Academic Editor: Suguna Perumal

Received: 5 July 2022

Accepted: 29 July 2022

Published: 1 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Evaluation of Antidiabetic Activity of Biogenic Silver
Nanoparticles Using Thymus serpyllum on
Streptozotocin-Induced Diabetic BALB/c Mice

Maryam Wahab 1,2 , Attya Bhatti 1,* and Peter John 1

1 Department of Healthcare Biotechnology, Atta-ur-Rahman School of Applied Biosciences (ASAB),
National University of Sciences and Technology (NUST), Islamabad 44000, Pakistan;
maryam.wahab@jacks.sdstate.edu (M.W.); pjohn@asab.nust.edu.pk (P.J.)

2 Department of Dairy and Food Science, South Dakota State University, Brookings, SD 57007, USA
* Correspondence: attyabhatti@asab.nust.edu.pk; Tel.: +92-51-886-6128

Abstract: Type 2 Diabetes Mellitus is one of the most common metabolic disorders, and is character-
ized by abnormal blood sugar level due to impaired insulin secretion or impaired insulin action—or
both. Metformin is the most commonly used drug for the treatment of Type 2 Diabetes Mellitus, but
due to its slow mode of action and various side effects it shows poor and slow therapeutic response
in patients. Currently, scientists are trying to tackle these limitations by developing nanomedicine.
This research reports novel synthesis of silver nanoparticles using aqueous extract of Thymus ser-
pyllum and aims to elucidate its therapeutic potential as an antidiabetic agent on streptozotocin
induced diabetic BALB/c mice. Thymus serpyllum mediated silver nanoparticles were characterized
through UV, SEM, XRD, and FTIR. The alpha amylase inhibition and antioxidant activity were
checked through α amylase and DPPH radical scavenging assay, respectively. To check the effect of
silver nanoparticles on blood glucose levels FBG, IPGTT, ITT tests were employed on STZ induced
BALB/c mice. To assess the morphological changes in the anatomy of liver, pancreas, and kidney
of BALB/c mice due to silver nanoparticles, histological analysis was done through H&E staining
system. Finally, AMPK and IRS1 genes expression analysis was carried out via real time PCR. Silver
nanoparticles were found to be spherical in shape with an average size of 42 nm. They showed an
IC50 of 8 μg/mL and 10 μg/mL for α amylase and DPPH assay, respectively. Our study suggests
that silver nanoparticles—specifically 10 mg/kg—cause a significant increase in the expression of
AMPK and IRS1, which ultimately increase the glucose uptake in cells. Thymus serpyllum mediated
silver nanoparticles possess strong antioxidant and antidiabetic potential and can further be explored
as an effective and cheaper alternative option for treatment of Type 2 Diabetes Mellitus.

Keywords: Type 2 Diabetes Mellitus; silver nanoparticles; IRS1 and AMPK; BALB/c mice; Thymus
serpyllum; nanomedicine

1. Introduction

Type 2 Diabetes Mellitus, also known as Insulin Independent Diabetes Mellitus
(IDDM), is a multifactorial, chronic disorder responsible for high co-morbidity rates across
the globe [1]. T2DM involves failure of pancreatic β cells, thus causing insulinopenia
and insulin resistance in liver, skeletal muscles, and adipose tissues, ultimately leading
towards their metabolic derangement and failure [2]. Blood glucose levels are majorly
regulated by pancreas, which releases the enzymes in accordance with the signals. Ap-
proximately 422 million people have diabetes now, accounting for 1.6 million causalities
in the year 2016, as per the World Health Organization (WHO), hence making diabetes
the 7th driving reason of morbidity and mortality worldwide. The number of diabetic
patients worldwide is expected to rise to 640 million by 2040 [3]. Multiple factors and mech-
anisms have been found to play a part in causing Diabetes Mellitus, yet the exact causing
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factors are uncertain [4]. Being a disorder of multiple aetiology, the genetic susceptibility
superimposed by the environmental factors is undoubtedly involved in causing Type 2
Diabetes Mellitus [5]. Symptoms of diabetes include excessive secretion of urine, known
as polyuria; thirst, known as polydipsia; increased hunger; fatigue; sores that do not heal;
blurred vision; numbness in hands or feet; weight loss; and tiredness [6]. The first line of
treatment for T2DM is diet control, weight management, and physical activity. High caloric
food intake and built up of excess adipose tissue induces insulin resistance and leads to
decreased glucose uptake by cells and reduced glycogen synthesis [7]. Currently available
drugs for treatment include various classes of drugs such as sulfonylureas, thiazolidine-
dione, α-Glucosidase Inhibitors, Repaglinide, and insulin therapies, but themost commonly
used drug is metformin, which unfortunately possess various side effects and shows slow
therapeutic response [8].

The frontiers of research on diabetes are focused to update the best method of diabetes
analysis, monitoring, and cure. Defects in various molecular signaling pathways are shown
to be associated with pathogenesis of type 2 diabetes [9]. Insulin signaling, Adipocytokine
signaling, and glycation haxosamine signaling are some of the major pathways involved
in regulating blood glucose homeostasis [10]. Genes contributing in these pathways in-
volve GLUT2, GLUT4, IRS, IRS1, PI3K, AKT, TNFα, mTOR, protein kinases and many
more. Activation of upstream gene phosphorylates is another target and hence leads to
highly regulated signaling in the body to control glucose homeostasis. Any impairment
in this signaling can lead to pathogenesis of type 2 diabetes via insulin resistance or β
cell dysfunction.

In normal conditions GLUT4 translocate from cytoplasm to cell membrane. This
happens due to the binding of insulin peptide to the insulin receptor that initiates the sig-
naling cascade based on phosphorylation. GLUT4 helps in the uptake of glucose molecules
into the cells and prevents the usage of stored fats for energy [11]. On the other hand
in diabetes, insulin receptors remain inactive in the cells and there is no translocation of
GLUT4 from cytoplasm to the membrane. Therefore, there is no absorption of glucose
molecules by the cells, which hence leads to the development of chronic hyperglycaemia.
Combination of insulin resistance and inhibition of insulin secretion results in T2DM as
influenced by genetic determinants, dietary pattern, lifestyle, level of physical activity, and
aging. Nutrient overload and imbalance, which is caused by excessive intake of sugars,
fats, and oils can develop hyperlipidaemia and hyperglycaemia [12]. There is glycation and
lipid peroxidation due to the persistent exposure of carbohydrates and fats. These factors
results in insulin resistance and are the key contributors to cause T2DM [13].

AMPK i.e., AMP activated protein kinase, is the key sensor and regulator of the energy
status of cells in all eukaryotes. AMPK is regulated by the AMP:ATP ratio, so when this
ratio increases, this causes activation of AMPK, so it is activated during energy depletion
and regulates many different processes in the cell, and thus it is known as the master
regulator of energy metabolism. There are several factors activating AMPK, like AMP in
starvation, hunger, and exercise, which are nucleotide dependent activations, while the
two main upstream serine/threonine kinases LKB1 and CAMKKβ cause the nucleotide
independent activation of AMPK by phosphorylating it at Thr172. AMPK deactivates all
energy consuming pathways and activates the energy producing pathways.

The downstream effects of AMPK involves the negative regulation of mTOR (Mam-
malian Target of Rapamycin) signaling by phosphorylating it, which in fact is an activator
of protein synthesis so AMPK blocks the protein synthesis. Another function of AMPK
is activation of ULK1, which further activates the macro autophagy, i.e., degradation and
recycling of cellular contents by vacuoles and lysosomes. The other downstream function
of AMPK is the activation of fatty acid catabolism by activating ATGL (Adipose Triglyc-
eride Lipase), which is the first enzyme responsible for the release of fatty acids from
triglycerides. In another mechanism, AMPK inhibits the Acetyl CoA Carboxylase (ACC),
which is absolutely necessary for fatty acid synthesis. AMPK also stops the cholesterol
synthesis by blocking HMG-CoA reductase. The most important function of AMPK, which
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makes it the molecule of interest in diabetes, is its activation of glucose uptake by GLUT
4 transporters through the process involving TBC1D1, so that an insulin sensitive cell
may be able to uptake and utilize the glucose [14]. Several studies on animal models of
metabolic diseases such as diabetes have shown decreased AMPK activity in muscle, liver,
and adipose tissues [15]. Metformin, which is the standard drug for diabetes, indirectly
activates the AMPK by inhibition of mitochondrial function [16]. Although Metformin is
the drug of choice for many T2DM patients, it can cause abdominal discomfort, diarrhea,
anorexia, flatulence, and also decreases vitamin B12 intestinal absorption [17].

Silver nanoparticles can be a potential source of insulin sensitization as they increase
the cytosolic calcium ions concentration and activates the AMPK by phosphorylating it via
CAMKKβ pathway in SH-SY5Y cells and also in rats [18]. AMPK activation enhances the
sensitivity towards the insulin and it could mediate the insulin by increasing its action [19].
Insulin binds to its receptor and activates the phosphorylation cascade from IRS1, which
induces the transport of glucose into the cells [20]. Studies have shown that animal models
lacking IRS1 developed hyperglycaemia or Type 2 Diabetes Mellitus, hence increasing the
protein levels of IRS1 will ultimately reduce the hyperglycaemia complications [21]. Silver
nanoparticles lead towards the reduction in blood glucose levels by increasing the IRS1
and GLUT2 expression levels. Besides, silver nanoparticles elevate the expression levels of
insulin and its secretion [22].

T2DM is also caused due to an imbalance among the antioxidants produced by the
body’s natural mechanism and the cellular reactive oxygen species produced, thus declar-
ing diabetes as an oxidative stress-based disorder. Due to the excessive production of ROS,
apoptosis and maturation of β cells increases while the synthesis and secretion of insulin
decreases [23]. Antioxidants are used to cure the oxidative stress, and interest is diverting
to the natural antioxidants rather than synthetic antioxidants [24]. Silver nanoparticles are a
rich source of antioxidants and they are readily available for action into the tissues, as they
can easily penetrate deep down into the tissues [25]. It has been proved that free radicals,
especially oxygen-based, are effectively scavenged by silver nanoparticles [26]. The synthe-
sis of metallic nanoparticles from precursor salts occur via the oxidation reduction reactions.
The reducing materials, which are present in the plant extracts, shifts the electrons to the
ions of the metal precursor, thus producing the nanoparticles [27]. Silver nanoparticles
synthesis from plants is more beneficial as compared to microbes and algae, especially
because they do not require the tedious stages of growing the cultures on media, hence
they are less biohazardous and can be easily improved [28]. Plants possess an industry of
compounds like phenols, flavonoids, terpenoids, and a lot more, which act as reducing,
stabilizing, as well as capping agents for the nanoparticles and enhance their biomedical
properties [29]. The current focus of anti-hyperglycaemic drugs is turning towards the
inhibition of intestinal enzymes such as alpha amylase and alpha-glucosidase, which would
in turn decrease the elevation in the post prandial blood glucose level [29]. Biogenic silver
nanoparticles thus serve as potent inhibitors of such digestive enzymes [30]. The synthe-
sis and efficiency of nanoparticles depends on the amount of reducing compounds like
phenols, flavonoids and terpenes, etc., in the plant extracts. One of these plants is Thymus
serpyllum, commonly known as Breckland thyme, which belongs to the family Lamiaceae
and it possess several important compounds like minerals, phenols, flavonoids, and many
other reducing agents [31]. Traditionally, its leaves and flowers in dried form are used as tea
and infusions against fever, bronchitis, cold, and cough [32]. Several studies have shown
that it depicts anti-rheumatic, ant-inflammatory, and hypoglycaemic activities [31,33].

In the present study, Thymus serpyllum will be analyzed for its antidiabetic efficacy
both in vitro and in vivo on streptozotocin induced diabetic mice models. Current research
is focused on biogenic synthesis of silver nanoparticles from Thymus serpyllum and their
efficacy as antidiabetic agents in streptozotocin-induced diabetic mice models.
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2. Materials and Methods

2.1. Plant Selection and Storage

Thymus serpyllum natural plant was collected from Rakaposhi Base Camp, Gilgit
Baltistan for silver nanoparticles synthesis. The aerial parts of plant were dried and then
ground into a fine powder by an automated electric grinder and stored at room temperature
in a sterile sealed container.

2.2. Preparation of Thymus serpyllum Extract

Plant extract was prepared by modification of the protocol of Sun et al. [34]. A total
of 10 g of plant powder was soaked in 100 mL deionized water in an Erlenmeyer flask at
room temperature for a few minutes and then heated at 60 °C for 15 min on a hotplate.
The extract was made to cool for half an hour and then the supernatant was collected and
twice filtered through 0.45 μm pore size filter paper using vacuum filtration assembly. The
filtrate obtained was stored at 4 °C as a stock solution to be used within 1 week.

2.3. Synthesis of Thymus serpyllum Mediated Silver Nanoparticles

The stock solution of plant, acting as a reducing and capping agent for the precursor,
was diluted to 15% (v/v). A total of 850 μL of silver nitrate (10 mM) was added drop
by drop per second into the 14.25 mL solution taken from 15% diluted extract of Thymus
serpyllum under magnetic stirring at 300 rpm and 25 °C temperature. This working solution
was then kept in the dark in a rotary orbital shaker for 5 h at 700 rpm and 25 °C temperature,
followed by monitoring after every 1 h using UV Spectrophotometer for SPR band.

2.4. Purification of Nanoparticles

The reaction mixture was centrifuged at 15,000 rpm for 30 min at 4 °C in a refrigerated
centrifuge. The supernatant was discarded and the pellet was re-suspended thrice in
deionized water and centrifuged with the above conditions to obtain a thicker pellet. The
pellet was then air dried, collected, and stored in Eppendorf tubes. This dried mass of
particles was weighed and used for further activities.

2.5. Characterization of Silver Nanoparticles

The biosynthesized nanoparticles were characterized using various analytical tech-
niques. UV Visible spectra of AgNP reaction mixture and plant extract was recorded
using LABOMED, Inc., Los Angeles, CA, USA, Model UVD-2950 spectrophotometer. The
functional groups were analyzed by using Perkin-Elmer spectrum 100 FTIR instrument
of Waltham, MA, USA over the wavelength range from 450 to 4000 cm−1. The composi-
tion and molecular structure of silver nanoparticles crystals were studied using an X-Ray
Diffractometer (D8 ADVANCE BRUKER, AXS, Munich, Germany) using Cu K alpha as
the radiation source over the scanning range of Bragg angle set as 20–80 theta. AgNP were
sputter coated with gold to be conductive for Scanning Electron Microscopy (SEM model
No 51-ADD0007 TESCAN VEGA3, sensor 51-1385-046 Kohoutovice, Brno, Czech Republic)
in order to know the size and shape of nanoparticles. The elemental analysis was carried
out using an EDX instrument (Oxford X-act, Tubney Woods Abingdon, Oxfordshire, UK).

2.6. Determination of Antioxidant Activity (DPPH Assay)

To evaluate the radical scavenging property of AgNP, DPPH (2, 2 Di Phenyl, 1 Picryl
Hydrazyl) radical scavenging assay was carried out with some modifications in the protocol
followed by Sanganna et al. [35]. The protocol for this assay started by making a fresh
solution of DPPH (0.1 mM) in methanol. Different concentrations of both ascorbic acid and
AgNPs such as 10 μg/mL, 20 μg/mL, 40 μg/mL, 60 μg/mL, 80 μg/mL, and 100 μg/mL
were prepared. A total of 200 μL was taken from each of various concentrations of ascorbic
acid and AgNPs and mixed thoroughly with 800 μL of DPPH solution in separate tubes
to make a final volume of 1 mL. It was then followed by an incubation period of 30 min
under dark condition at room temperature. After 30 min of incubation, the absorbance was
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measured at 517 nm with the help of UV/Vis spectrophotometer. The formula used for
percent scavenging/inhibition was: Percentage Scavenging/Inhibition = [(control sample
absorbance value − test sample absorbance value)/ control absorbance value] × 100. This
procedure was repeated thrice and the values obtained were used to plot a graph and
relative comparison of the free radicals scavenging ability of different concentrations of
silver nanoparticles with respect to ascorbic acid was done. Because of the high antioxidant
activity, ascorbic acid was used as a reference.

2.7. Anti-Diabetic Study
2.7.1. Alpha Amylase Inhibitory Assay

The effect of silver nanoparticles on alpha amylase activity was determined by making
various concentrations of AgNPs and acarbose in separate tubes as 10, 20, 40, 60, 80, and
100 μg/mL in 0.02 M PBS with adjusted pH of 6.9, to which 500 μL of α-amylase was added
and the reaction mixture was allowed to incubate for 10 min at 37 °C. Afterwards, 500 μL
of starch (1% solution) was poured into each of the tubes containing the reaction mixture
of varying concentrations and incubated for another 10 min, as per protocol followed by
Haritha et al. [36]. Then, 1 mL of DNS was added in all tubes in order to terminate the
reaction, followed by placing the tubes in a water bath at 60 °C for 15 min. The buffered
mixture was cooled, followed by the addition of 10 mL distilled water in each tube. Then
the spectrophotometer was set at 540 nm to take absorption readings of each concentration
and make comparisons with the standard amylase inhibitor, i.e., acarbose.

2.7.2. Experimental Animals Acclimatization & Selection

The study was conducted on 4 weeks old male BALB/c mice (n = 50), purchased from
the National Institute of Health and bred and housed in animal house of Atta-ur-Rahman
School of Applied Biosciences (ASAB), National University of Sciences and Technology
(NUST). These mice were kept in cages (5 mice per cage) at a constant temperature (25 ± 2 ºC)
and natural light-dark cycle (12–12 h) and were given distilled water ad libitum and fed
a basic chow diet. The approval for all the protocols carried out during research was
obtained from internal review board (IRB) of ASAB, (NUST). All the tests and experiments
performed were according to the guidelines provided by the Institute of Laboratory Animal
Research, Division on Earth and Life Sciences, National Institute of Health, Washington,
DC, USA (Guide for the Care and Use of Laboratory Animals: Eighth Edition, 2011).

2.7.3. Streptozotocin Induced T2DM Mice Model Construction and Treatment Design

The T2DM mice model was constructed by combination of High Fat Diet (HFD) and
low doses of Streptozotocin [37]. The normal control mice (n = 10) were fed with a basic
diet (crude fiber 4%, crude fat 9%, and crude protein 30% ) while the other mice models
(n = 40) for the purpose of diabetes induction, after weaning when they were 3 weeks of
age, were switched to a high fat diet (basic mice feed 59%, sugar 20%, animal fat 18%,
and egg yolk 3%) and were given intraperitoneal STZ injections (100 mg/kg) in 0.1 M
citrate buffer (pH 4.5) at the 6th (Figure 1) and 9th week of age after overnight fasting. The
control animals however received citrate buffer injections only. After 2 days of 2nd STZ
injection i.e., on the 44th day, the fasting blood glucose levels of all mice were checked using
On-Call EZ II Blood Glucose Monitoring System (Blood ACON International, San Diego,
CA, USA). Mice with blood glucose levels greater than 126 mg/dL were considered as
diabetic [38]. Afterwards, mice were divided into 5 groups and each group had total of
10 animals of almost 10 weeks of age, which were further taken through the experiment
and were categorized as follows:

Group 1: Mice served as the normal control and received normal diet and water throughout
the experimentation.
Group 2: 10 mice were assigned as the negative control group for diabetes. They were
left untreated throughout the experiment and were used as comparison for the rest of
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treatment groups.
Group 3: 10 mice served as the positive control group, which received the standard drug
Metformin (100 mg/kg) orally in feed for 28 consecutive days.
Group 4: Allocated as the low dose silver nanoparticles treatment group. These mice were
given silver nanoparticles 5 mg/kg orally through feed for a period of 28 days.
Group 5: The mice of this group were given silver nanoparticles 10 mg/kg in a normal
diet for 28 days. Body weight and fasting blood glucose level were measured day 7, 14, 21,
and 28.

Figure 1. Timeline depicting the diabetic animal model construction and treatment period.

2.7.4. Glucose Level Estimation Tests
Fasting Blood Glucose Test

The glucose in the blood of normal and that of streptozotocin induced mouse models
i.e., all groups, was monitored on a weekly basis. For the fasting blood glucose test, the
animals were fasted for 8 h. The blood was taken from the tail of the mice and measured
using the ON Call glucometer.

Intraperitoneal Glucose Tolerance Test (IGTT)

On the 29th day of treatment, mice from each group were subjected to the Intraperi-
toneal Glucose Tolerance Test (IPGTT). Mice were kept fasting for 8–10 h. A total of 2.5 g/kg
of glucose was given to the animals. Blood samples of about 200 μL from the vein of each
mouse were collected at different time intervals, i.e., 0, 30, 60, 90, and 120 min, in order to
measure the level of glucose. The glucose-time curve was calculated using the values of
Areas under the Curve (AUC).

Insulin Tolerance Test (ITT)

On the 31st day of model development, insulin tolerance test was done. For this test,
mice were fasted for 4 h and then injected with 0.5 U/kg of human insulin subcutaneously.
For the determination of blood glucose concentration, the blood samples were collected
after 0, 30, 60, and 120 min of insulin injection and the values of Area under the Curve
(AUC) were calculated.

2.7.5. Expression Analysis of AMPK and IRS1 Gene by Quantitative Real-Time Polymerase
Chain Reaction (RT-PCR)

In order to evaluate the effect of AgNPs on the expression of IRS1 and AMPK gene,
total RNA was isolated from liver tissue in Trizol reagent and cDNA was synthesized using
first strand cDNA synthesis kit (Thermofisher Scientific, Waltham, MA, USA). Quantitative
detection of these specific genes were carried out in Real time PCR (Applied Biosystems,
Waltham, MA, USA). The primer pairs that were used are listed in Table 1. All samples
for RT-PCR were assayed in triplicate, and data was normalized to the relative levels of
GAPDH as a housekeeping gene in the same experiment.
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Table 1. Primer sequences used for the expression analysis of AMPK, IRS1, and GAPDH.

Gene Primer Sequence 5′ to 3′ Product Size

GAPDH
F-ACCCAGAAGACTGTGGATGG
R-CACATTGGGGGTAGGAACAC 175 bp

IRS1
F-ACATCACAGCAGAATGAAGACC

R-CCGGTGTCACAGTGCTTTCT 232 bp

AMPK
F-GTCGACGTAGCTCCAAGACC
R-ATCGTTTTCCAGTCCCTGTG 250 bp

2.8. Histological Examination of Kidney, Liver, and Pancreas

Histological analysis was done to check the effects of biosynthesized silver nanoparti-
cles on the anatomy of sample tissues. Right after anaesthesia, liver, pancreas and kidney
tissues of mice were isolated to avoid decomposition and post-mortem autolysis. The tis-
sues were preserved in 10% formalin solution. Sample tissues were cut into thin sections of
about 4 microns using microtome and followed by dehydration, and H&E (Haematoxylin
and Eosin) staining system was used for staining of the sections. The slides were then
examined under light microscope.

2.9. Statistical Analysis

Statistical analysis of the expression of the AMPK, IRS1, and GAPDH genes in different
diabetic mice and those treated with nanoparticles in comparison to normal control group
(healthy mice) was done using One Way ANOVA and Post Hoc Bonferroni test on Graph
Pad Prism version 5.01, GraphPad, San Diego, CA, USA. Statistical significance was set
p < 0.05 and expressed as mean ± standard deviation.

3. Results and Discussion

3.1. Characterization of Biosynthesized AgNPs

A change in color from transparent to light brown and then dark brown was observed
gradually within 4 h of reaction, which preliminary confirms the formation of biogenic
silver nanoparticles (Figure 2A). After air drying the nanoparticles solution in a petri plate
for 24 h, the nanoparticles were obtained in the form of solid brownish black powder
(Figure 2B). UV Visible absorption spectroscopy of silver nanoparticles showed the Surface
Plasmon Resonance peak at 425 nm (Figure 3).

(A)

Figure 2. Cont.
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(B)

Figure 2. Visual confirmation of biosynthesized nanoparticles. (A) The color change represents the
preliminary confirmation of silver nanoparticles. (B) Purified AgNPs obtained after drying.

Figure 3. UV-Vis spectroscopy of reaction mixture indicating typical absorbance peak of AgNPs
around 425 nm.

The crystalline nature of AgNPs was known through the XRD pattern, i.e., seven
intensive diffraction peaks obtained at 2θ were 28◦, 32◦, 39◦, 46◦, 55◦, 57◦ and 68◦, which
are indexed at (111), (200), (220), (311), (222), (400), and (331) facets of silver, respectively
(Figure 4). The sharp peaks indicate the crystallinity and purity of silver nanoparticles
and are in agreement with the database of the Joint committee on Powder Diffraction
Standards (JCPDS Card Number 00-04-0783). The rest of the intense peaks at 2θ angles
are due to the involvement of AgNO3 used for the synthesis of silver nanoparticles [39].
The FTIR spectra depicted the similar functional groups among the extract and silver
nanoparticles, which enhances the stability and reduces the cytotoxicity of nanoparticles.
The infrared spectral bands of T. serpyllum plant extract at 2923 cm−1, 1607 cm−1, 1515 cm−1,
and 1179 cm−1 (black) were shifted to 2924 cm−1, 1620 cm−1, 1510 cm−1, and 1175 cm−1

in the spectra of biogenic silver nanoparticles (red), indicating the involvement of C-H,
N-H, N-O and C-O groups in the biosynthesis of silver nanoparticles (Figure 5). The SEM
analysis revealed smaller, spherical, and monodispersed AgNPs and their average particle
size measured from the SEM image turned out to be 42 nm (Figure 6). The identification
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and quantification of elemental composition of AgNPs was done by EDX analysis at a
magnification of 90× with 512 × 384 pixel and probe current of 20 Kv. EDX analysis
of biogenic silver nanoparticles via SEM machine revealed the presence of silver in the
colloidal solution of Thymus serpyllum mediated silver nanoparticles. Silver exists in mass
of 9.04% (Figure 7). The other elements present were carbon, oxygen, and chlorine (Table 2),
which attributes the presence of the organic source, i.e., plant extract.

Figure 4. X-ray diffraction pattern of biogenic silver nanoparticles.

Figure 5. FTIR depicting functional groups of silver nanoparticles vs. thyme extract. FTIR peaks of
AgNPs reveals few similar functional groups to that of thyme extract as 2924 cm−1 (C-H stretching),
1620 cm−1 (N-H bending), 1510 cm−1 (N-O stretching), and 1175 cm−1 (C-O bending), which
potentially act as surface capping and stabilizing groups.
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(A) (B)

Figure 6. (A) SEM image of biogenic AgNPs at 157 kx and 200 μm indicating the formation of
spherical nanoparticles. (B) SEM image of biogenic AgNPs at 44.6 kx and 500 nm, indicating various
sizes of nanoparticles.

(A) (B)

Figure 7. Energy Dispersive X-ray Spectroscopy. (A) SEM region of the sample from where the
EDS graph was taken. (B) The EDS graph, with energy on X-axis and counts on Y-axis, shows the
elemental composition of AgNPs in colloidal solution and confirms the presence of AgNPs at the
highest spectrum peak of 3 KeV.

Table 2. Atomic percent and weight of the elements in AgNPs.

Element Weight% Atomic%

Silver 43.82 9.04
Oxygen 10.63 14.78
Chlorine 6.66 4.18
Carbon 38.89 72.02
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3.2. Antioxidant and Alpha Amylase Inhibitory Activity

DPPH assay was employed to evaluate the antioxidant ability of biosynthesised
silver nanoparticles. The assay revealed that the scavenging ability of these nanoparticles
increases as the concentration of nanoparticles increases (Figure 8). The standard ascorbic
acid showed a maximum free radicals scavenging ability of 80% at a concentration of
100 μg/mL while the silver nanoparticles at the same concentration scavenged 78% of
the free radicals. The IC50 of silver nanoparticles was found to be 8 μg/mL while that
of standard ascorbic acid showed IC50 of 5.5 μg/mL. This suggests that the biologically
synthesized AgNPs can be used as antioxidants.

The enzyme, alpha amylase, catalyzes the hydrolysis of α 1-4 glycosidic linkages in
polysaccharides, so its inhibition possesses a significant role in controlling hyperglycemia.
The assay was performed to assess the enzyme inhibition potential of the synthesized
silver nanoparticles. Acarbose served as a control while the sample without AgNPs and
containing enzyme was used as standard. The inhibition potential was expressed as
percent inhibition. The synthesized silver nanoparticles inhibited the alpha amylase in a
dose dependent manner comparable to acarbose (Figure 9), which showed a maximum
enzyme inhibition of 90% at a concentration of 80 μg/mL with an IC50 value at 7.5 μg/mL
while AgNPs inhibited the enzyme up to 83% at a concentration of 80 μg/mL with an IC50
value of 10 μg/mL.

Figure 8. Comparisons of absorbance values of different concentrations of ascorbic acid and AgNP in
the DPPH assay.

Figure 9. Comparison of α-amylase inhibition of various concentrations of AgNPs and acarbose.
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3.3. Estimation of AgNP Treatment on Body Weight

Before the treatment, the animals were tested for blood glucose levels for confirmation
of STZ-induced hyperglycaemia. The STZ group showed significantly higher levels of
fasting blood glucose compared to normal (p = <0.001) (Figure 10). The effect on body
weight of mice due to exposure to AgNPs was studied over the span of 4 weeks. The body
weight of the diabetic group significantly increased since it did not receive any treatment
after HFD, while in those of the treated groups in comparison to the control showed no
significant effect on body weight (Figure 11).

Figure 10. Average FBG levels (mmol/L) in control mice and mice fed with HFD from age of 3 to
9 weeks of age and rendered 2 doses of 100 mg/kg STZ (*** p < 0.001).

Figure 11. Body weights of treated and non-treated mice after 28 days treatment (** p < 0.01).
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3.4. Comparative Analysis of Fasting Blood Glucose Levels in Treated Mice Groups

During 28 days of treatment, the blood glucose levels of mice of all groups were
checked every week after overnight fasting. Due to HFD and STZ administration, the
blood glucose levels of the untreated group noticeably raised to a significant level from the
normal group. During the initial two weeks of treatment, no significant reduction in the
blood glucose levels of the treated groups was observed.

Comparatively, the 10 mg/kg AgNPs treated group after 21 days of treatment signifi-
cantly reduced the blood glucose levels. At the end of treatment (after 28 days), the FBG
levels of AgNPs treated groups were slightly higher than the normal, but in comparison
with the untreated diabetic mice models, there was a significant reduction in their glucose
levels (Figure 12). Moreover, the metformin and 5 mg/kg AgNP treatment had almost
similar effects, however, the 10 mg/kg AgNP treated group showed a better reduction in
blood glucose levels, comparable to the control group.

Figure 12. Histograms represent the effect of AgNPS treatment on fasting blood glucose (FBG levels
(mmol/L) measured from Day 1 to Day 28 in comparison to the diabetic group. The data was
analyzed using Two-way ANOVA following Bonferroni Post Hoc test and is shown as mean ± SEM.

Estimation of Improvement in Glucose Tolerance and Insulin Release

One of the main features of IR is an inability to tolerate the glucose. The untreated dia-
betic mice showed glucose intolerance while the metformin-treated 5 mg/kg and 10 mg/kg
AgNP-treated group improved the glucose tolerance to a noticeable level (Figure 13). The
glycaemic index in each group was expressed and monitored as Area under the Curve
(AUC) (Figure 14).

An insulin tolerance test was carried out to determine the effect of AgNP treatment on
the action of insulin. The untreated diabetic mice showed a greater extent of insulin intol-
erance, so the glucose levels remained significantly higher from the normal range, while
the metformin-treated, 5 mg/kg and 10 mg/kg AgNP-treated group showed sensitivity
towards the insulin and utilized the insulin to lower the blood glucose levels (Figure 15).
The Area under the Curve in the untreated diabetic group was much higher after insulin
administration as compared to the normal (Figure 16).
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Figure 13. IPGTT results of the healthy, diabetic, metformin-treated and AgNP-treated low (5 mg/kg)
and high dose (10 mg/kg) mice post treatment. The statistical significance of differences among
different groups was analyzed using Two Way ANOVA Bonferroni test as implemented in Graph
pad prism 5.0 software.

Figure 14. Area under the Curves (AUC) for IPGTT. The statistical significance of differences among
different groups was analyzed using Two Way ANOVA Bonferroni test as implemented in Graph
pad prism 5.0 software (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 15. Effect of AgNPs on insulin tolerance (day 31). Results of the healthy, diabetic, metformin-
treated and AgNP-treated low (5 mg/kg) and high dose (10 mg/kg) mice post treatment.

Figure 16. The Area under the Curve (AUC) for Insulin Tolerance Test (ITT). Analyzed Two Way
ANOVA followed by Bonferroni Post Hoc test (*** p < 0.001).

3.5. AMPK and IRS1 Gene Expression Analysis through Real Time PCR

Quantitative real time PCR (qRT-PCR) was carried out to observe the expression of IRS1
gene in the liver of normal, diabetic, metformin treated, and AgNP (low and high dose) treated
groups. It was observed that the expression level of IRS1 in the diabetic group was significantly
decreased (* p < 0.05) as compared to the control (Figure 17). Upon comparison between the
diabetic and metformin-treated group, a significant increase was observed (* p < 0.05) in the
IRS1 expression in liver of the metformin-treated group. IRS1 expression in the 5 mg/kg
AgNP-treated group was upregulated to almost 2.5-fold in comparison to the untreated
diabetic group. Ten mg/kg AgNP treated mice depicted an approximately 4.5-fold increase
in the expression of IRS1 in comparison to the untreated diabetic mice (p < 0.001). AMPK
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is the main target of the standard drug metformin, so metformin treatment in diabetic mice
increased its expression to almost 3-fold (Figure 18). However, AMPK expression in the low
dose treated silver nanoparticles group increased to almost 1.5-fold while in the 10 mg/kg
AgNPs treated diabetic mice the expression fold increased almost 3 times, comparable to the
metformin treated group with a significance of (*** p < 0.001).

Figure 17. Relative expression of IRS1 in control, diabetic, and metformin- and AgNPs-treated
(28 days) groups. Significance was determined by One Way ANOVA following Bonferroni’s Multiple
comparison Post Hoc Test. Error bars represent the SEM (standard error of the mean) (* p < 0.05,
*** p < 0.001).

Figure 18. Relative expression of AMPK in control, diabetic untreated, and diabetic metformin-
and AgNPs-treated (28 days) groups. Significance was determined by One Way ANOVA following
Bonferroni’s Multiple comparison Post Hoc Test. Error bars represent the SEM (standard error of the
mean) (* p < 0.05, *** p < 0.001).

3.6. Histopathological Analysis of Control, Diabetic and NP Treated Balb/c Mice

The liver, kidney, and pancreas from all groups were obtained for histological analysis
after the required treatment was carried out. The histological examination overall showed
that high dose silver nanoparticles restored the damaged and necrotic tissues to a greater
extent. Haematoxylin and Eosin stained sections of liver at 40× depicts the portal vein and
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the portal triad in normal, diabetic, metformin-treated, and silver nanoparticles-treated
groups of BALB/c mice (Figure 19).

Figure 19. Representative images showing Hematoxylin and Eosin stained (H&E) (×40) sections of
liver. (A) Control, normal liver histology with portal triad and portal vein (arrow) with hepatocytes
radiating from the portal vein. (B) Diabetic group showing complete distortion of portal vein
architecture and congestion of portal triad. (C) Diabetic metformin-treated group showing somewhat
restoration of hepatic architecture but dilated vascular channels. (D) Diabetic mice liver treated with
5 mg/kg AgNPs showing greater restoration of portal vein boundary with little dilation (arrow) and
normal portal triad. (E) Diabetic AgNP (10 mg/kg) treated mice liver showing restored architecture
comparable to that of normal with intact portal triad and normal physiology of kupffer cells (arrow).

H & E stained sections of kidney from all groups were analyzed focusing on glomeru-
lus and renal tubules arrangement and boundary (Figure 20). The cellular morphology and
density is better restored by high dose silver nanoparticles, i.e., 10 mg/kg.

Figure 20. Photomicrograph showing Hematoxylin and Eosin stained (H&E) (×40) sections of kidney
with asterisk showing kidney tubules and arrow showing glomerulus. (A) Control group with
regular shape of glomerulus and distinguishable collecting duct and renal tubule. (B) Untreated
diabetic group showing irregular renal cells distribution, tubules dilation, and glomerulosclerosis.
(C) The diabetic metformin-treated group shows somewhat normal appearance of tubules and intact
glomerular boundary when compared to the diabetic group. (D) Diabetic-AgNPs treated (5 mg/kg)
group showing restoration of glomerular boundary and intact kidney tubules. (E) Diabetic AgNP
(10 mg/kg) treated group show more reno-protective activity as compared to the standard metformin
with complete restoration of glomerulus and renal tubules.
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Pancreas from all the groups were H & E stained and histological examination was
carried out on various magnifications to compare the morphology of all treated mice versus
diabetic groups. Islets of Langerhans and pancreatic acini were focused on 40× in all groups
(Figure 21).

Figure 21. Representative images showing Hematoxylin and Eosin stained (H&E) (×40) sections of
pancreas. (A) Control, normal pancreas showing normal islets of Langerhans in between normal pan-
creatic β-cells (arrow). (B) Diabetic pancreas showing ruptured and destructed islets of Langerhans
with damage in β -cells. (C) Diabetic and Metformin group pancreas showing some normal islets of
Langerhans. (D) Diabetic and AgNP (5 mg/kg) mice pancreas showing some restoration in islets of
Langerhans with damage in β-cells (arrow). (E) Diabetic and AgNP (10 mg/kg) pancreas showing
complete restoration of islets of Langerhans.

4. Conclusions

The main objective of this study was the formulation of a nanodrug for diabetes using
green route, which could be safer and more biocompatible than synthetic drugs, with
fewer side effects. The medicinal plant “Thymus serpyllum” has an aqueous extract rich
in bioactive compounds, which served as a reducing agent to synthesize and then as a
capping agent to stabilize the nanoparticles. The newly biosynthesized silver nanoparti-
cles were confirmed via characterization techniques such as SEM, XRD, EDS, and FTIR,
depicting spherical 42 nm size nanoparticles with JCPDS Card No. 00-04-0783. Smaller size
nanoparticles show better antioxidant and alpha amylase inhibition activity, and increasing
the dose of AgNPs increased the scavenging ability as well as amylase inhibition. The
synthesized nanoparticles improved the insulin sensitivity and glucose tolerance in treated
mice and reduced the fasting glucose levels significantly. We conclude that the synthesized
nanoparticles are more powerful in reducing the hyperglycemia and enhances the IRS1
and AMPK expression for treatment of diabetes, which aid in glucose uptake and insulin
sensitization. Our results suggest that silver nanoparticles potentially restore the cellular
morphology of liver, kidney, and pancreas specifically. However, further research is needed
to confirm these findings. There is a need for further in vivo pharmacological investiga-
tions to elucidate the mechanism of action of AgNPs by targeting other genes involved in
diabetes. Furthermore, functionalization of these AgNPs with various drugs could be done
to provide sustained release of the drug at the site of action in the body.
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Abstract: Superhydrophobic coatings are widely applied in various applications due to their water-
repelling characteristics. However, producing a durable superhydrophobic coating with less harmful
low surface materials and solvents remains a challenge. Therefore, the aim of this work is to study
the effects of three different solvents in preparing a durable and less toxic superhydrophobic coating
containing polydimethylsiloxane (PDMS), silica solution (SS), and epoxy resin (DGEBA). A simple
sol-gel method was used to prepare a superhydrophobic coating, and a spray-coating technique was
employed to apply the superhydrophobic coating on tile substrates. The coated tile substrates were
characterized for water contact angle (WCA) and tilting angle (TA) measurements, Field-Emission
Scanning Electron Microscopy (FESEM), Atomic Force Microscopy (AFM), and Fourier Transform
Infrared Spectroscopy (FTIR). Among 3 types of solvent (acetone, hexane, and isopropanol), a tile
sample coated with isopropanol-added solution acquires the highest water contact angle of 152 ± 2◦

with a tilting angle of 7 ± 2◦ and a surface roughness of 21.80 nm after UV curing for 24 h. The
peel off test showed very good adherence of the isopropanol-added solution coating on tiles. A
mechanism for reactions that occur in the best optimized solvent is proposed.

Keywords: superhydrophobic; spray-coating; polydimethylsiloxane; silica solution; epoxy resin;
acetone; hexane; isopropanol

1. Introduction

A material is known to be superhydrophobic when it has a water contact angle of more
than 150◦ and a negligible titling angle of less than 10◦ [1,2]. Superhydrophobic coating has
gained more attention and lead to many applications such as anti-
icing [3,4], anti-fogging [5,6], oil-water separation [7,8], anti-corrosion [9–11], self-
cleaning [12,13], antibacterial [14,15] and biomedical applications [16]. Various methods
that have been used for preparation of rough surfaces are layer by layer assembly [17,18],
spray-coating [19–21], lithography [22,23], sol gel processing [24,25], electrochemical de-
position [26,27] and chemical vapour deposition [28]. Among them, spray-coating is a
fabrication process used for industrial applications due to its availability in commercial
form and a simple procedure that uses inexpensive materials [2,29]. In regard to this, the
increase in surface roughness and the reduction of surface energy are vital in forming a
superhydrophobic surface [30–32].

A summary of findings on the choice of materials used for spray-coating is shown in
Table 1. As seen, the main precursors needed for superhydrophobic spraying techniques
are solvent, low surface energy material and nanoparticles. The function of low surface
energy material is to reduce the wettability of the surface up to 120◦. Nanoparticles are to
achieve appropriate roughness to trap the air to further reduce the wettability to achieve
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a water contact angle greater than 150◦ and a tilting angle smaller than 10◦. The function
of solvent is to reduce the viscosity of low surface energy material for easy application of
superhydrophobic coating [33] on material surface. The emphasis of this work was on the
solvent utilized to generate the superhydrophobic coating, as there have been many studies
on nanoparticles and low surface energy materials.

Table 1. Main precursors for spray-coating fabrication method with their respective water contact
angle, titling angle and surface roughness.

Low Surface Energy
Material

Solvent Nanoparticle Substrate WCA (◦) TA (◦)
Surface

Roughness (μm)
Reference

PU
Hexadecyl

polysiloxane
modified SiO2

Glass 163.9 3.7 [3]

PDMS Ethyl acetate SiO2 Glass 157 5.357 [10]

PDMS Hexane SiO2 164 2 0.023 [12]

OCTES Ethanol, water SiO2 Metal 155 <5 [18]

PU THF SiO2 Glass 160 <2 2.550 [20]

Fluorosilicone Ethyl acetate,
butyl acetate SiO2 Glass 153 2.5 [34]

PDMS, PMMS Hexane SiO2
Polyurethane

acrylate 160 5 [35]

PDMS Hexane SiO2 Glass 156 1 [36]

Fluorinated
polysiloxane Butyl acetate ZnO Steel 166 4 [37]

Glass resin Isopropanol SiO2 Aluminium 155 4 [38]

PDMS THF Camphor soot
particles Glass 171 5 1.491 [39]

HMDS
γ-

Aminopropyltri
ethoxysilane

SiO2

Glass, wood, filter
paper, cotton,
plastic, stone,

fabric and
aluminium foil

161 6.5 [40]

Hexadecyltrimetho
xysilane (HDTMS) Ethanol SiO2

White rice husks
and cabbage 155 - [41]

Hydrophobic silica Hexane SiO2
Body of motorcycle,

building wall 160 6 [42]

PDMS Hexane SiO2
Glass, paper, and

plastic 156.4 5 [43]

Paper mulch Anhydrous
ethanol SiO2 160.6 4.2 [44]

According to Luo et al. the dispersibility of nanoparticles in solvent influences the
generation of even dispersion or aggregation, which controls the formation of a smooth or
rough coating on the surface of a substrate [45]. To produce a well-dispersed or aggregated
superhydrophobic coating, the polarity and relative permittivity of the solvent are the
important criteria to be considered. For instance, inorganic components such as SiO2
nanoparticles aggregate when non-polar solvents are used but disperse evenly in polar
solvents. This happens because polar solvents stabilize silica dispersion through strong
hydrogen bonding to silanol groups on the silica surface. Conversely, low-polarity solvents
result in destabilization and gelation of silica particles via hydrogen bonding between
adjacent silica particles [46,47]. The relative permittivity of the solvent is also a measure of
solvent polarity; the lower the relative permittivity of the solvent, the lower the polarity
of the mixture; the polarity of the mixture may eventually decrease to the point where it
is no longer sufficient to sustain the dispersion of the polar silica nanoparticles, resulting
in particle aggregation. Nonetheless, high aggregation conditions prior to the phase
separation limit (gelation of SiO2 nanoparticles) are desirable as they help to create multi-
scale roughness [47]. Therefore, an appropriate solvent needs to be selected to form the
required roughness to reduce the wettability behavior.
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A variety of solvents used by researchers to prepare superhydrophobic coating is
tabulated in Table 2. In 2018, Zhang et al. used xylene as solvent for superhydrophobic
epoxy/PDMS nanocomposite coating fabrication [6]. Tetrahydrofuran was also reported
as solvent to synthesize superhydrophobic wood surfaces, hydrophobic sol-gel coating
and UV-cured superhydrophobic cotton fabric surfaces [25,48,49]. Saleem used toluene
as solvent in the development of superhydrophobic surfaces [33]. Among these solvents,
hexane is the most popular solvent used to produce superhydrophobic coating due to low
permittivity nature as it helps to create multi-scale roughness surface to trap air and increase
the WCA. [12,35,50–52] are among the author researchers fabricated superhydrophobic
coating by using hexane as solvent. However, these solvents are toxic and hazardous
towards organs through prolonged exposure [53]. Other solvents such as isopropanol and
acetone that has less hazardous effect towards users are not explored probably due to the
relatively high permittivity value, 17.9 and 20.7, respectively as compared to hexane (1.9)
54. Due to safety concern, these two solvent are still explored in this work because the
use of hydroxyl terminated PDMS (ε = 2.30 − 2.80) would react with mild polar hydroxyl
and carbonyl group of those solvents because of the like-dissolve-like concept [54,55].
This would sustain the dispersion of the polar silica nanoparticles, with certain degree of
aggregation. Besides, to reduce the toxicity of the superhydrophobic coating produced
in this work, a low surface energy material, PDMS was used. To value add, the SiO2
nanoparticles that is required to increase the surface roughness for the superhydrophobic
coating was extracted from palm oil fuel ash waste (POFA). A suitable mechanism was also
proposed for the development of super-hydrophobic coating on the tiles.

Table 2. Various solvents with respective relative permittivity and water contact angle.

Solvent Relative Permittivity, ε WCA (◦) Reference

Xylene 2.30
154 [6]

156.8 [13]

Tetrahydrofuran 7.60
152 [48]
153 [49]

Toluene 2.38 154 [33]

Hexane 1.90

160 [7]
164 [12]
160 [35]
160 [42]

156.4 [43]
163
160

[50]
[51]

158 [52]
172 [56]

Ethyl 25 149 [57]

2. Materials and Methods

2.1. Materials

In this work, the tiles with dimension size of 3 cm × 3 cm were used as substrate
were obtained from Ceramic Research Company Sdn Bhd. Palm Oil Fuel Ash (POFA) and
Hydroxyl-terminated Polydimethylsiloxane (PDMS-OH) act as precursor were obtained
from Malpom Industries Berhad (Pulau Pinang, Malaysia) and Sigma Aldrich (Darm-
stadt, Germany), respectively. Sodium Hydroxide (NaOH) and Sulfuric Acid (H2SO4)
with purity of 98% were used as POFA extraction and also Hexane (purity of 98.5%) and
Isopropanol (purity of 99.8%) was used as solvent were purchased from Merck (Darm-
stadt, Germany). For solvent and cleaning agent, acetone; with purity of 99.9% was
obtained from J.T. Baker (Avantor, Radnor, PA, USA). Meanwhile, epoxy resin crystal
clear (diglycidyl ether of bisphenol A) were used as binder and epoxy hardener crys-
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tal clear (trimethyl hexamethylene diamine) were used as curing agent. Both materials
were obtained from Euro Chemo-Pharma (Pulau Pinang, Malaysia). For the cross-linking
agent, 3-aminopropyltrimethoxysilane (AMPS) with purity of 98% and dibutyltin dilaurate
(DBTL) with purity of 98% was used as catalyst. Both materials were obtained from Sigma
Aldrich, (Darmstadt, Germany). All the chemicals used were used as received without
further purification.

2.2. Extraction of SS from POFA

Alkali extraction method was used to extract SS from POFA by mixing 10 g of POFA
and 100 mL of 1 M NaOH at 80 ◦C for 1 h. After that, the mixture was allowed to cool to
room temperature and filtered using a Whatman filter paper with pore size of 11 μm. Then,
the filtrate was titrated against 1 M H2SO4, to adjust its pH to 3 and the solution produced
was silica solution (SS) [36].

2.3. Preparation of the Hydrophobic Solution

The procedure of epoxy/PDMS/SS preparation is shown in Scheme 1 and mainly
consists of 3 mixtures (mixture A, B and C). Mixture A was prepared by stirring 100 mL
of solvent and 10 mL of SS solution vigorously for 1 h. Next, 50 mL of solvent, 10 mL of
PDMS, 5 mL of AMPS, and 1 mL of DBTL were stirred moderately and heated at 60 ◦C for
20 min to obtain Mixture B. Then, mixtures A and B were mixed and stirred vigorously for
1 h. Simultaneously, Mixture C was prepared by mixing 2 mL of epoxy resin with 1 mL
of hardener. After that, mixture C was added into mixture A + B and stirred vigorously
for 2 h. The same procedure is repeated for different types of solvent (acetone, hexane,
isopropanol).

Scheme 1. Illustration of the Epoxy/PDMS/SS coating preparation.
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2.4. Fabrication of Hydrophobic Coating on Tiles Substrate

For the fabrication of film on tiles, the epoxy/PDMS/SS coating was sprayed on tile
from 20 cm away with the aid of a spraying gun (air pressure: 40 psi), followed by 5 min of
drying at 80 ◦C in an oven. The spraying and drying processes were repeated subsequently
until a 3-layer Epoxy/PDMS/SS coating was obtained, and the coated substrate was
cured overnight at 80 ◦C in an oven [36]. Super hydrophobicity characterization (WCA
and TA) was used to analyze the coated substrate, and the best solvent was fixed for the
Epoxy/PDMS/SS coating preparation for the rest of the experiment. Samples that were
coated with acetone, hexane, and isopropanol-added solutions were labelled as S1, S2 and
S3. The effect of UV curing was also studied on the respective samples and labelled as
S1-UV, S2-UV and S3-UV.

2.5. Characterizations and Analysis
2.5.1. Water Contact Angle (WCA) and Tilting Angle (TA) Measurement

In this work, water contact angle and tilting angle of the samples were measured by
a contact angle goniometer (Model 250-F1, Rame-Hart Instruments Co., Mountain Lakes,
NJ, USA). The measurement was carried out by placing the samples in the goniometer
that is attached to an Image analyzer. A drop of water with a volume of 5 μm was used
to determine the water contact angle. Each sample was subjected to 10 measurements
in each 4-angle position, including vertical left, vertical right, horizontal left, horizontal
right. The WCA and TA were obtained by using DROPimage Advanced software [36].
The measurements were also carried out on the samples before and after durability test to
investigate the super hydrophobicity of the sample. In addition, surface energy of coated
samples was determined for a more thorough analysis on water contact angle measurement.

2.5.2. Atomic Force Microscopy (AFM)

The surface topology was characterized using an atomic force microscope (AFM,
Nano Navi, SPA400, Seiko Instruments, Chiba, Japan) operated in contact mode. The
surface roughness of samples was measured, to study the effect of different solvent in
PDMS/SS coating on water contact angle. Root-mean-square roughness of the samples
was determined by operating at the contact mode of 5 μm × 5 μm. Surface roughness of
the samples was analyzed by using NanoNavi software [58]. AFM images subjected to
polynomial background subtraction.

2.5.3. Field-Emission Scanning Electron Microscopy (FESEM)

Field-Emission Scanning Electron Microscope (FESEM-EDX, Supra 35VP, Zeiss,
Oberkochen, Germany) was used to study the surface morphology of samples at an ac-
celeration voltage of 5 kV. As the substrate was non-conductive, a thin layer of gold was
sputtered onto the sample surface to make it conductive in order to obtain a clear FESEM
image of the surface morphology [59].

2.5.4. Fourier Transform Infrared Spectroscopy (FTIR)

In this work, transmission, and absorbance mode Fourier Transform Infrared (FTIR,
Perkin Elmer, Ohio, USA) was used to investigate the functional groups present on the
coated samples surface and the interface between coating and substrate, in order to study
the formation of bonding after the application of PDMS/SS coating. Besides, the samples
before and after immersion test were analyzed by using FTIR to evaluate the changes in the
functional groups of the sample. The samples were tested in absorbance and transmittance
mode from 4000 to 550 cm−1 wavenumber [35].

2.5.5. Peel-Off Test

Peel-off test was carried out to investigate adhesion between PDMS/SS coating and
substrate surface. It was carried out by using double-sided foam tape in which the tape
was adhered to the surface of coating and pressed to confirm the adhesion was tight where
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no gap was found at the interface of tape and sample. Lastly, the tape was peeled off. This
test was repeated for 5 cycles. The value of water contact angle before and after peel-off
test was measured to evaluate the durability of the coating [28].

3. Results and Discussion

3.1. Effect of Solvent on Wettability

Table 3 shows the water contact angle, tilting angle, surface energy and the roughness
of tiles coated with S1, S2 and S3 that were prepared with different solvents. Water contact
angles for S1 and S2 coated with acetone and hexane added solution are 88 ± 1◦ and
85◦ ± 1◦, respectively. Therefore, S1 and S2 exhibit hydrophilic behavior. On the other
hand, S3 that was coated with isopropanol-added solution has water contact angles of
149 ± 2◦, showing hydrophobic behavior. The high surface energy of the S1 and S2 coatings,
which is 15 times higher than the S3 with 2 J/m2, contributes for the difference in water
contact angle. S1 and S2 may indeed be affected by the dispersion of PDMS and SS
particles in different solvents, which will be explained in more detail later. Furthermore,
as compared to S1 and S2, sample S3 has a higher roughness, which could be another
aspect that improves the sample’s hydrophobicity. As for tilting angle, it was found S1
with 7.09 nm has a lower tilting angle (20◦) as compared to S2 that has a roughness of 13.01
with a tilting angle of 46◦. The findings are consistent with [29,60], which demonstrated
that for hydrophilic samples, higher surface roughness results in a higher tilting angle.
Besides, higher surface roughness will also result in a stronger water pining effect due to
the absence of air pockets. This situation will result in the penetration of water droplets
into the grooves. Thus, S1 and S2 are predicted to be in a Wenzel state, as the Wenzel
equation states that roughness emphasizes the effect of surface chemistry. In other words,
for hydrophilic surfaces, the higher the surface roughness, the more hydrophilic the surface
is while for a hydrophobic surface, the higher the surface roughness, the more hydrophobic
the surface will be. The wetting mechanisms of hydrophobic surfaces (S3) can also be
determined based on their respective tilting angles. The tilting angle of 10 ± 2◦ for S3
suggests the surface is in a Cassie-Baxter state, which is further supported by the surface
morphology and high surface roughness (18.57 nm), which render a hierarchical structure.
Such morphology leads to the formation of air voids that help in water droplet suspension,
which results in a low tilting angle.

Table 3. Water contact angle, tilting angle, surface energy and the roughness of tiles coated with S1,
S2 and S3 that were prepared with different solvents before and after UV curing.

Sample Type of Solvent WCA (◦) TA (◦) RMS (nm) Surface Energy (J/m2)

S1 Acetone 88 ± 2 20 ± 2 7.09 31 ± 1
S2 Hexane 85 ± 1 46 ± 1 13.01 33 ± 1
S3 Isopropanol 149 ± 2 10 ± 2 18.57 2 ± 0

S1-UV Acetone 82 ± 2 25 ± 2 9.934 34 ± 1
S2-UV Hexane 88 ± 1 38 ± 1 11.57 31 ± 1
S3-UV Isopropanol 152 ± 2 7 ± 2 21.80 1 ± 0

Apart from that, slight changes in water contact angle were also observed after the
samples were cured under UV for 24 h (Table 3). After UV-curing, the water contact angles
of samples that were coated with hexane-added solution and isopropanol-added solution
were increased by ~3◦, while the water contact angle of sample that was coated with
acetone-added solution was decreased by ~6◦. The increase in water contact angle of S2-UV
and S3-UV after UV curing may be attributed to the increase in grafting density of the
PDMS polymer chain to form a stronger 3D network 36. Besides, UV-curing helps to cure
the polymer phase that was disrupted by aggregated particles in oven curing, producing
a coating with strong adhesion, mechanical reliability, and chemical resistance [51,61,62].
Even though the difference in WCA was not statistically significant, the effect of UV was
still considered crucial as the WCA was increased to above 150◦, causing S3-UV to be
superhydrophobic. However, the decrease in water contact angle of S1-UV after UV curing
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may be attributed to surface oxidation, which is triggered by the functional carbonyl group
(C=O) presence in acetone. This accelerates the degradation of long alkyl chains into smaller
chains [63,64], thus increasing the wettability.

3.2. Effect of Solvent on Surface Morphology and Surface Roughness

Surface roughness is another key contributor to the superhydrophobic characteristics
of coated samples other than surface energy 35. Figure 1 shows the 3D AFM topographical
images (Figure 1a–f), AFM line profile (Figure 1(aa–fa), Figure 1(cc,fc)) and FESEM images
(Figure 1(ab–fb)) of S1, S2 and S3 before and after UV treatment. From Figure 1(ab,bb), it is
observed that the surfaces of S1 and S2 before UV curing do not have obvious micro papillae
structure. However, under AFM, the surface possesses certain roughness as indicated by
the peaks and valleys in (Figure 1(aa)) and (Figure 1(ba)) corresponding to RMS of 7.09 nm
and 13.01 nm, respectively. In comparison to S1 and S2, FESEM images of S3 before UV
curing show that the surfaces are relatively rough (Figure 1(cb)). S3 that was coated with
isopropanol-added solution has an RMS value of 18.57 nm. The high surface roughness in
S3 is due to the dispersion of the coating solution, in which multiscale roughness is created.
This sample has an appropriate degree of particle aggregation in the isopropanol-added
solution, which induces hierarchical structure [47].

 

 

 

88 ± 2° 

85 ± 1° 

Figure 1. Cont.
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Figure 1. 3D AFM topographical images of (a) S1, (b) S2, (c) S3, (d) S1-UV, (e) S2-UV and (f) S3-UV
on 5 μm × 5 μm area; Image of AFM line profile of (aa) S1, (ba) S2, (ca) S3, (da) S1-UV, (ea) S2-UV and
(fa) S3-UV. FESEM images and images of water droplets on (ab) S1, (bb) S2, (cb) S3, (db) S1-UV, (eb) S2-
UV and (fb) S3-UV. Image of AFM line profile of (ec) S2-UV and (fc) S3-UV on 1 μm × 1 μm area.

For samples cured with UV (Figure 1(db,eb,fb)), a similar trend was observed as before
UV curing (Figure 1(ab,bb,cb)), respectively. However, the distance between the hills for
S1-UV after UV curing (Figure 1(da)) is wider than that before UV curing (Figure 1(aa)),
leading to a lower water contact angle after UV curing. Figure 1(ea) shows that S2-UV
after UV curing has peaks and valleys with a lower contrast as compared to after UV
curing, leading to a lower RMS roughness value of 11.57 nm. The S3-UV that was coated
with isopropanol-added solution and UV-cured has the highest RMS roughness value of
21.80 nm. This is probably ascribed to the even distribution of peaks and valleys with spikes
that renders a hierarchical structure in S3 after UV curing (Figure 1(fa,fc)) as compared
to before curing (Figure 1(ca,cc)). In summary, the formation of hierarchical structures
with appropriate roughness and distance between hills improves hydrophobicity. Those
characteristics were achieved in the isopropanol-added solution that has been UV cured.

3.3. Effect of Solvent on Dispersion of Coating Solution

The effects of solvents such as hexane, acetone, and isopropanol on the dispersion of
superhydrophobic coating solutions were investigated. Figure 2 shows that agglomeration
was evident in all three solutions, but that after shaking, the isopropanol-added solution
became well-dispersed whereas the agglomeration in the other two solutions remained.
The relative permittivity of the solvent utilized causes such circumstance. Hexane is a
non-polar solvent with a relative permittivity of 1.90, making it the least polar. As a result, it
failed to disperse SS particles, which are polar in nature with OH groups. Hexane’s relative
permittivity is too low, resulting in SS particle gelation, rather than particle aggregation. It
was proven by the fact that samples S2 coated with hexane-added solution have low water
contact angles before and after UV curing due to the absence of hierarchical structure on
their surface (Figure 1(bb,eb)).

133



Polymers 2022, 14, 2406

Figure 2. Images of (i) hexane-added solution, (ii) acetone-added solution and (iii) isopropanol-
added solution (a) before and (b) after they were shaken.

On the other hand, acetone and isopropanol are polar solvents with a relative permit-
tivity of 20.7 and 17.9, respectively. Hence, both solvents were able to disperse SS particles
with a certain degree of aggregation, resulting in surface roughness with a maximum
RMS value of 21.80 nm (Table 3). In addition, the agglomeration in the isopropanol-added
solution could be dispersed after it was shaken due to the like-dissolves-like concept. This
dissolves-like concept indicates that solutes, which are PDMS, SS and epoxy in this work,
will dissolve best in a solvent that has a similar chemical structure to them [65]. From
Figure 3A-a, OH-bonds were found in isopropanol but not in hexane (Figure 3B-a) and
acetone (Figure 3C-a) Therefore, PDMS, SS, and epoxy dissolved best in isopropanol instead
of acetone or hexane.

3.4. FTIR of Different Types of Solvent and Coating Solution

FTIR spectroscopy was used to investigate functional groups in coating solutions
of different types of solvent by analyzing their respective precursors. For isopropanol
(Figure 3(Aa)), it can be seen that O-H stretching, and O-H bending are indicated at
3318 cm−1 and 951 cm−1, respectively. At 2970 cm−1, C-H stretching of CH3 group is
indicated. In addition, C-H bending vibration of CH2 and CH3 are shown at 1467 cm−1

and 1379 cm−1, correspondingly. A peak noticed at 3338 cm−1 corresponds to O-H stretch-
ing, which is attributed to its hydroxyl-terminated structure of PDMS (Figure 3(Ab)).
At 1640 cm−1, O-C = O stretching is detected. Peaks that are noticed at 1259 cm−1,

1022 cm−1 and 795 cm−1 in Figure 3(Ab), representing Si-CH3, O-Si-O and Si-C bonds,
respectively [36,66,67]. The finding of functional groups in isopropanol and PDMS matches
with their respective chemical formulae of C3H8O and (C2H6OSi)n. For Mixture B
(Figure 3(Ac)), PDMS, AMPS and DBTL were added into isopropanol. The reaction oc-
curred in the preparation of Mixture B can be proven by the reduced intensity of O-H
stretching at 3325 cm−1 and presence of C-N at 1200 cm−1, as a result of the AMPS is
grafted at the hydroxyl-end of PDMS [6]. C-H stretching and bending of CH3 groups and
O-H bending that were originally absent in PDMS spectra, were observed at 2969 cm−1,
1378 cm−1 and 951 cm−1, respectively, ascertaining the formation of methanol (CH3OH) as
side-product in the proposed mechanism (Figure 4). Figure 3(Ad) shows FTIR spectrum
of SS, in which O-H, Si-O and O-Si-O bonds are detected at 3318 cm−1, 1261 cm−1 and
1081 cm−1, respectively. A peak observed at 1640 cm−1 belongs to O-C = O stretching. In
Figure 3(Ae), O-H stretching is also found in epoxy (DGEBA) at 3319 cm−1. C-H stretching
and rocking vibrations are noticed at 2967 cm−1 and 794 cm−1. In addition, C-O-C stretch-
ing and C-O stretching of oxirane ring are also found at 1022 cm−1 and 1259 cm−1 [6]. Lastly,
Figure 3(Af) shows the FTIR spectrum of isopropanol-coating. Both O-H stretching, and
O-H out-of-plane bending are detected at 3338 cm−1 and 951 cm−1, respectively. Besides,
C-H stretching of CH3, C-H bending vibrations of CH2 and CH3 groups are also detected
at 2970 cm−1, 1467 cm−1 and 1379 cm−1, correspondingly. At 1261 cm−1, Si-CH3 bond is
indicated. Peaks that are observed at 1128 cm−1 and 815 cm−1 correspond to O-Si-O and
Si-C bonds, respectively. From Figure 3(Ac) to Figure 3(Af), intensity of O-H stretching at
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~3300 cm−1 increases, which may be attributed to the reaction occurred between Mixture B,
epoxy and SS. Other than this, a strong and sharp peak observed at 951 cm−1 corresponds
to high intensity of O-H out-of-plane bending may be caused by the presence of methanol
as side-product [66].

 
(A) (B) 

 
(C) 

Figure 3. FTIR spectra for (A) isopropanol-added solution, (B) hexane-added solution, (C) acetone-
added solution and their respective precursors.
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(a) 

 
(b) 

 
(c) 

Figure 4. The proposed mechanisms of S3 solution (a) reaction between AMPS and PDMS with DBTL
as catalyst, (b) reaction between epoxy resin and AMPS-PDMS molecules, (c) reaction between SS
and modified PDMS. R1, R2 and R3 symbolize alkyl groups.

Next, Figure 3B shows FTIR spectra of hexane solution and its precursors. The
functional groups of PDMS (Figure 3(Bb)), SS (Figure 3(Bd)) and epoxy (Figure 3(Be)) and
are similar to those in Figure 3A. The precursor was included in Figure 3B for comparison
purpose. For hexane (Figure 3(Ba)), with chemical formula of C6H14, O-H bond is absent,
while C-H stretching of CH3 (2925 cm−1), C-H bending of CH2 and CH3 groups (1467 cm−1

and 1379 cm−1), as well as C-C stretching (1260 cm−1) are detected. In this case, reaction
between PDMS and AMPS is verified as O-H bonds from PDMS are fully contributed in
this reaction, causing depletion of O-H bonds and formation of C-N groups as observed at
1218 cm−1 in Mixture B (Figure 3(Bc)). Based on Figure 3(Bf), (OH) bond is not detected
after the addition of epoxy and SS, which may be due to the polarity of hexane that results
in agglomeration of SS particles; thus, the solution is not well-dispersed [46].

FTIR spectra of acetone solution and its precursors are shown in Figure 3C. The
functional groups of PDMS (Figure 3(Cb)), SS (Figure 3(Cd)) and epoxy (Figure 3(Ce)) are
similar to those in Figure 3A. The precursor was included in Figure 3C for comparison
purpose. For acetone (Figure 3(Ca)), shows peaks correspond to C = O (1711 cm−1), C-H
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stretching of CH2 (1423 cm−1) and CH3 groups (1361 cm−1), together with C-C stretching
(1220 cm−1), which are identical to its chemical formula of C3H6O [68]. For Mixture B
(Figure 3(Cc)) of acetone-added solution, the presence of C-N groups at 1200 cm−1 and
O-H stretching is also absent as O-H groups from PDMS and are utilized for bonding
between AMPS and PDMS. In acetone-added coating solution (Figure 3(Cf)), intensity of
O-H stretching noticed at 3479 cm−1 is low. This may be attributed to “like-dissolves-like”
concept, leading to a higher degree of dispersion as compared to hexane-added solution but
lower than that of isopropanol-added solution, as acetone is a polar solvent, but hydroxyl
group is absent [65].

As seen, compared to S1 solution, S2 solution has similar peaks expect for peaks that
correspond to O-H stretching and bending vibration. When S3 solution compared S1, an
extra peak of C=O was observed while the Si-CH3 and O-H bending vibration were absence.
Absence of C-H stretching (~2900 cm−1) and Si-CH3 bond (~1260 cm−1) in S3 is probably
due to oxidation of C-H to form C=O bonds [69,70]. The oxidation is further affirmed by
color of acetone-added solution, which is brownish in color as compared to other solutions
(Figure 2).

3.5. The Mechanism of Reaction of S3 Solution

Since S3 with isopropanol solvent shows the best hydrophobic behavior, the mecha-
nism of this solution is proposed. A mechanism for reactions occurred in the preparation
of isopropanol-added solution is illustrated schematically in Figure 4a–c, based on FTIR
analysis. In the preparation of Mixture B (Figure 3A-c), Si-O-Si (refer A) bonds were formed
upon the mixing of AMPS and PDMS with the presence of DBTL as catalyst, by hydrogen
bonding with PDMS at the –OCH3 ends of AMPS and methanol is formed as by-product
(Figure 4a). Then the ring opening reaction of epoxy occur with AMPS-PDMS at the amine
end and forming modified PDMS (Figure 4b, refer B). Then, the modified PDMS is attached
to a central Si atom of SS particles, by forming hydrogen bonding and covalent bond after
heating and release water (Figure 4c, refer C).

3.6. Peel of Test

A peel-off test was performed on S3 coated tiles to determine the durability of the
coating on the substrate. This test was repeated five times. In Figure 5, the appearance
of the tape surface and the water contact angle after the peel off test are presented. As
seen, the surface of the tape is clear from any debris, indicating the coating’s resistance
to separation from the substrate. This characteristic implies that the coating has a good
adhered to the surface and forms a strong bond. As a result, there are no significant changes
in the topography and roughness of the S3 sample before and after peeling, resulting in a
WCA that is identical.

Figure 5. Changes in water contact angle of after peel-off test and appearance of surface of initial and
peeled off tape after each peel-off test.
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4. Conclusions

In this work, the best superhydrophobic coating has been synthesized using PDMS, SS,
and epoxy resin (DGEBA) with isopropanol as the solvent rather than hexane and acetone.
Isopropanol, which is a polar solvent, poses dissolving-like behavior towards PDMS, SS,
and epoxy and aids in the creation of multiscale roughness. The S3 coated sample has a
water contact angle of 152 ± 2◦ after UV irradiation and showed good durability. Such a
superhydrophobic coating can be utilized on tiles to act as a self-cleaning surface.
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Abstract: Antimicrobial textiles are helpful tools to fight against multidrug-resistant pathogens
and nosocomial infections. The deposition of silver nanoparticles (AgNPs) onto textiles has been
studied to achieve antimicrobial properties. Yet, due to health and environmental safety concerns
associated with such formulations, processing optimizations have been introduced: biocompatible
materials, environmentally friendly agents, and delivery platforms that ensure a controlled release.
In particular, the functionalization of polyester (PES) fabric with antimicrobial agents is a formulation
in high demand in medical textiles. However, the lack of functional groups on PES fabric hinders
the development of cost-effective, durable systems that allow a controlled release of antimicrobial
agents. In this work, PES fabric was functionalized with AgNPs using one or two biocompatible
layers of chitosan or hexamethyldisiloxane (HMDSO). The addition of organo-matrices stabilized
the AgNPs onto the fabrics, protected AgNPs from further oxidation, and controlled their release. In
addition, the layered samples were efficient against Staphylococcus aureus and Escherichia coli. The
sample with two layers of chitosan showed the highest efficacy against S. aureus (log reduction of
2.15 ± 1.08 after 3 h of contact). Against E. coli, the sample with two layers of chitosan showed
the best properties. Chitosan allowed to control the antimicrobial activity of AgNPs, avoid the
complete loss of AgNPs after washings and act in synergy with AgNPs. After 3 h of incubation,
this sample presented a log reduction of 4.81, and 7.27 of log reduction after 5 h of incubation. The
antimicrobial results after washing showed a log reduction of 3.47 and 4.88 after 3 h and 5 h of contact,
respectively. Furthermore, the sample with a final layer of HMDSO also presented a controlled
antimicrobial effect. The antimicrobial effect was slower than the sample with just an initial layer
of HMDSO, with a log reduction of 4.40 after 3 h of incubation (instead of 7.22) and 7.27 after 5 h.
The biocompatibility of the composites was confirmed through the evaluation of their cytotoxicity
towards HaCaT cells (cells viability > 96% in all samples). Therefore, the produced nanocomposites
could have interesting applications in medical textiles once they present controlled antimicrobial
properties, high biocompatibility and avoid the complete release of AgNPs to the environment.

Keywords: silver nanoparticles; chitosan; hexamethyldisiloxane; antimicrobial textiles; spray
deposition

1. Introduction

Textiles may provide an excellent environment for microorganisms to thrive, pre-
senting a suitable availability of nutrients, moisture, oxygen, and favorable temperature
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ranges. The functionalization of textiles with antimicrobial finishing agents has been widely
applied to achieve technical materials and avoid the deterioration caused by microorgan-
isms [1]. Increased healthcare awareness about hygiene and health issues has extended
the global market to the antimicrobial textiles field. These textiles may be employed in
several applications (e.g., wounds, sutures, and tissue engineering products) to prevent
microbial proliferation and, hence, bad odors, stains, infections, a reduction in the textile’s
mechanical properties, and cross-contamination [2].

The usage of nanocomposite-based coatings has opened several possibilities in func-
tional and high-performance textiles. Different metal-oxide (e.g., copper oxide, zinc oxide,
and titanium dioxide) and metal (e.g., gold, zinc, copper, and silver) nanoparticles (NPs)
have received significant attention as promising antimicrobial agents. These NPs possess
superior action due to the higher surface-area-to-volume ratio, inducing their antimicrobial
action via multiple mechanisms, namely by the direct interaction with the bacterial cell wall,
inhibition of the biofilm formation, activation of the intrinsic and adaptive host immune
responses, generation of reactive oxygen species (ROS) and interaction with intracellular
components (e.g., DNA and proteins) [3–6]. In this respect, silver nanoparticles (AgNPs)
have presented interesting antimicrobial properties, even in low concentrations [7,8].

Several techniques have been used to formulate textiles with AgNPs: the in situ
thermal reduction, sonication, padding, dip-coating, spray, exhaustion, layer-by-layer, and
electrospinning. However, numerous studies reported the potential uncontrolled leaching
behavior of AgNPs, becoming a relevant environmental and health problem [9–11]. There
is a need for new strategies to increase the stability of AgNPs on the fabrics.

Polyester (PES) fabrics have been largely used in various industries owing to their
excellent strength, chemical resistance, processability, quick-drying and dimensional stabil-
ity. Nevertheless, it presents a hydrophobic surface, where microorganisms can proliferate
due to the abundant adsorption of metabolic products from the skin sweat/sebaceous
glands [12]. The functionalization of PES with AgNPs can avoid the problems related
to the microorganism’s proliferation, but the strategies for AgNPs deposition rarely pro-
mote acceptable adhesion of the AgNPs due to the absence of functional groups on the
PES structure [13,14]. Surface modification techniques have been applied to introduce
other chemical groups onto the PES surface, namely photo-induced irradiation, electron
beam irradiation, enzymatic modification, alkaline hydrolysis, aminolysis, alcoholysis, and
plasma treatments [12,15,16]. However, most of the accessible methods for stabilizing the
AgNPs on PES require various functionalization steps, final treatments, drying, and/or
curing processes. Each step increases time and cost, hindering large-scale production.
Embedding NPs on the fiber polymeric matrix or reducing metallic salts to NPs in the
bulk polymeric matrix are presented as high-performance methods. However, enveloping
the particles in the fiber core significantly compromises their antimicrobial performance.
Another developed strategy is the application of a binder to improve the adhesion of NPs
onto textile substrates. Though, few reports were found in the literature using PES [17,18].
Enhancing the adhesion strength between the NPs and the PES fibers’ surface is imperative
to ensure an efficient antimicrobial action, durability and avoid the undesirable release of
metal NPs and ions [19].

Chitosan is an interesting biopolymer due to its inherent antimicrobial properties,
biodegradability, non-toxicity, blood coagulating efficiency, antistatic features, and biocom-
patibility. It has been commonly studied for textile functionalization, namely as a binder
for pigment printing, cationization of cotton, antimicrobial, anti-odor, and crease-resistant
finishing [20–22]. In particular, metals easily interact with chitosan through electrostatic
and chemical forces due to the presence of hydroxyl and amine groups [23]. Additionally,
the combined antimicrobial effect of chitosan and metals have been explored to prepare
novel nanocomposite materials with improved antimicrobial properties [24].

Organosilicon compounds have received more attention as coating agents due to
their lack of toxicity, environmental friendliness, abrasion resistance, and physiological
inertia [25]. Additionally, organosilicon compounds, including hexamethyldisiloxane

144



Polymers 2022, 14, 1138

(HMDSO), have been shown to tune the adhesion properties of a surface by exhibiting
methyl groups within the silicon-organic matrix [26,27].

Herein, a fast and cost-effective method was developed to functionalize PES fabric
with AgNPs via spray coating. Chitosan or HMDSO were sprayed in different layers, before
and after the AgNPs deposition, to promote the adhesion of NPs onto the textile, to protect
AgNPs from further oxidation, and to control the AgNPs release. In the AgNPs dispersion
preparation, commercial polyvinylpyrrolidone-AgNPs (20.0–30.0 nm in size) were used.
They were redispersed in ethanol and characterized by dynamic light scattering (DLS) and
zeta potential. The textile samples were characterized by scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS). The antimicrobial activity of textiles
was evaluated against Staphylococcus aureus and Escherichia coli. Finally, the cytotoxicity of
PES composites was assessed in HaCaT cells by the neutral red uptake assay.

2. Materials and Methods

2.1. Materials

Commercial pre-washed PES fabric (weight per unit area of 100 g·m−2) was used. The
fabric was washed using a non-ionic detergent (1.0 g·L−1) at 60 ◦C for 60 min., rinsed with
distilled water, and dried at 40 ◦C. Commercial spherical polyvinylpyrrolidone-coated
(PVP) AgNPs 99.95%, with sizes of 20–30 nm, were purchased from SkySpring Nanoma-
terials Inc, Houston, TX, USA. Chitosan, Chito Clear 42,030– 800 CPS, was purchased
from Primex, Siglufjordur, Iceland. Ethanol, acetic acid, nitric acid, HMDSO, Neutral red
(NR) solution, and Triton™ X-100 detergent solution were purchased from Sigma-Aldrich,
Taufkirchen, Germany. Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g·L−1

glucose and GlutaMAX™, fetal bovine serum (FBS), antibiotic (10,000 U·mL−1 penicillin,
10,000 μg·mL−1 streptomycin), Hanks’ balanced salt solution (HBSS) without calcium and
magnesium [HBSS (-/-)] and 0.25% trypsin·1 mM−1 EDTA were obtained from GibcoTM,
Thermo Fisher Scientific, Waltham, MA, USA. All the reagents used were of analytical or of
the highest purity grade available.

2.2. Preparation of AgNPs Dispersions

All materials were previously cleaned with nitric acid (10% (v/v)) and rinsed with
distilled water. Then, PVP-AgNPs were dispersed in ethanol (1.0 mg·mL−1) using an
ultrasonic bath (30 min, 40 Hz) and ultrasound tip (15 min, 20 Hz).

2.3. Formulation of PES Composites by Spray

The AgNPs, chitosan solution (0.25% (w/v) of chitosan in 1% (v/v) acetic acid) and
HMDSO layers were applied in both sides of the PES samples (10 × 10 cm2) via spray sys-
tem, pressurized at 1.5 bar with a distance of 5 cm. Samples with different formulations were
prepared: (i) only with AgNPs; (ii) HMDSO + AgNPs; (iii) HMDSO + AgNPs + HMDSO;
(iv) chitosan + AgNPs; (v) chitosan + AgNPs + chitosan; vi) only HMDSO; (vii) only
chitosan (Figure 1).

AgNPs
in ethanol 
(1 mg.mL-1) 30 min.

Ultrasound 
bath

Ultrasound 
tip

15 min.

5.0 cm

1.5 bar

AgNPs

Chitosan + AgNPs

Chitosan + AgNPs + Chitosan

HMDSO + AgNPs

HMDSO + AgNPs + HMDSO

Chitosan

HMDSO

Figure 1. Schematic representation of the methodology adopted (images adapted from https://smart.
servier.com (3 February 2022). Servier Medical Art by Servier is licensed under a Creative Commons
Attribution 3.0 Unported License).
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2.4. Washing Fastness

The washing fastness was assessed by performing 5 washing cycles (WC) according
to EN ISO 15797 in a Datacolor Ahiba Lab Dyeing Machine (Lawrenceville, NJ, USA) at
75 ◦C, 40 rpm, for 15 min using a non-ionic surfactant (1.0 g·L−1) in a liquor bath ratio of
1/30 (v/v) [28].

2.5. Dynamic Light Scattering (DLS) Analysis

The size and zeta potential of PVP-AgNPs in the dispersion were measured us-
ing a Zeta Sizer-Nano (Malvern Instruments, Malvern, UK). Data were collected af-
ter 30 scans at 25 ± 1 ◦C, and zeta potential was measured in a moderate electrolytic
concentrated solution.

2.6. Scanning Electron Microscopy (SEM)

Morphological analyses were carried out with an ultra-high-resolution FEG-SEM,
NOVA 200 Nano, FEI Company (Hillsboro, OR, USA). Secondary electron images were
performed with an acceleration voltage of 5 kV. Backscattering electron images were realized
with an acceleration voltage of 15 kV. Samples were coated with an Au-Pd (20–80 weight %)
film using a high-resolution sputter coater, 208 HR Cressington Company (Watford, UK),
coupled to an MTM-20 Cressington High-Resolution Thickness Controller.

2.7. X-ray Photoelectron Spectroscopy (XPS)

Detailed surface atomic composition and bonding environment research was con-
ducted employing XPS PHI-TFA spectrometer (Physical Electronics Inc., Chanhassen, MN,
USA) equipped with an Al- monochromatic (7 mm) X-ray source operating at pass energy
equal 1486.6 eV, with active surface charge neutralization. Data acquisition was performed
with a vacuum better than 1 × 10−8 Pa. Spectra have been corrected to give the adventitious
C 1s spectral component (C–C, C–H) binding energy of 284.5 eV. Spectra were analyzed for
elemental composition using Multipack software.

Deconvolution into sub-peaks was performed by OriginLab software, using the Gaus-
sian fitting function and Shirley-type background subtraction. No tailing function was
considered in the peak fitting procedure.

2.8. Evaluation of Antibacterial Properties of PES Samples

Antibacterial testing was performed according to the ASTM-E2149 standard for the
determination of the antimicrobial activity of antimicrobial agents under dynamic contact
conditions. The tests were performed immediately after sample preparation with slight
modifications. Both Gram-positive and Gram-negative bacteria were used, respectively
Staphylococcus aureus (American Type Culture Collection (ATCC 25923) and Escherichia
coli (E. coli, ATCC 25922). The pre-inoculum of each bacterium was prepared in tryptic
soy broth (Merck) and after 12 h of incubation at 37 ◦C and 120 rpm, the inoculum of
each bacterium was centrifuged, the supernatant was eliminated, and the bacteria washed
with sterile phosphate buffer saline (PBS). Then, the concentration of each bacterium
was adjusted to 2 × 107 CFU·mL−1. PES samples (1 × 1.5 cm) were inoculated in 5 mL
of bacterial suspension for 3 h and 5 h at 37 ◦C and 120 rpm. Afterward, aliquots of
these suspensions were collected and used to prepare 10-fold serial dilutions, which were
cultured on agar plates for the determination of viable cells. The number of colony-forming
units (CFUs)/mL was established before (0 h) and after (3 h and 5 h) contact with the
fabrics. The results were expressed as log reductions, calculated as the ratio between the
number of surviving bacteria colonies present on the tryptic soy agar (TSA) plates, before
and after contact with the fabric. Antibacterial studies were performed in triplicate in two
independent experiments.
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2.9. Cytotoxicity

The cytotoxicity of the PES composites was evaluated in HaCaT cells, an immortalized
human keratinocyte cell line, after 24 h after exposure, by the NR uptake assay.

HaCaT cells were routinely cultured in 75 cm2 flasks using DMEM with 4.5 g·L−1

glucose and GlutaMAX™, supplemented with 10% of FBS, 100 U·mL−1 of penicillin, and
100 μg·mL−1 of streptomycin. Cells were grown at 37 ◦C, in a 5% CO2-95% air atmosphere,
and the medium was changed every 2 days. At 80–90% of confluence, cells were detached
from the culture flasks via trypsinization (0.25% trypsin·mM−1 EDTA). The cells were
seeded in 96-well plates at a density of 20,000 cells/well. Freshly prepared extracts of each
sample (previously hermetically sealed and sterilized in an autoclave at 121 ◦C, 1.2 bar for
20 min.) were used in the evaluation of cytotoxicity, accordingly with ISO 1993-5 (Biological
evaluation of medical devices—Part 5: Tests for in vitro cytotoxicity) [29]. Briefly, the
extraction was performed in a complete cell culture medium, at a proportion of 0.1 g·mL−1

(ratio recommended for textiles), in a sterile, chemically inert, and closed container, for
24 ± 2 h, at 37 ± 1 ◦C, and under agitation. The extract was then directly used (100%
concentration) or diluted in fresh cell culture medium at different concentrations (2, 4, 8,
16, and 32-times dilutions leading to 50, 25, 12,5, 6.25, and 3.125% concentrations). After
24 h seeding, the cells were exposed to the extracts of the medical devices (0–100%) for
another 24 h. Extraction cell culture medium (without the test material) was also submitted
to the same extraction conditions and used as a control. Triton™ X-100 (1% (v/v)) was
used as positive control. The cells used in all experiments were taken between the 45th and
50th passages.

2.10. Neutral Red (NR) Uptake Assay

The cytotoxicity of the PES samples was assessed by the NR uptake assay that, based
on the capacity of living cells to incorporate and retain the supravital dye NR within
the lysosomes, provides a quantitative estimation of the number of viable cells in the
culture. After 24 h exposure to the extracts of the samples, the cell culture medium was
aspirated and a fresh cell culture medium containing NR (50 μg·mL−1) was added. Cells
were then incubated for 90 min, at 37 ◦C, in a humidified 5% CO2-95% air atmosphere.
After incubation, the cell culture medium was removed, and the NR dye retained only
by viable cells was extracted (absolute ethyl alcohol/distilled water (1:1) with 5% (v/v)
acetic acid). The absorbance was subsequently measured, at 540 nm, in a multi-well plate
reader (PowerWaveX BioTek Instruments, VT, Santa Clara, CA, USA). The percentage of
NR uptake relative to that of the control cells (0%) was used as the cytotoxicity measure.
Four independent experiments were performed in triplicate.

2.11. Statistical Analysis

All statistical calculations were performed using the GraphPad Prism 8 for Windows
(GraphPad Software, San Diego, CA, USA). The normality of the data distribution was
assessed using the KS, D’Agostino & Pearson omnibus, and Shapiro–Wilk normality tests.
One-way analysis of variance (ANOVA) was used to perform the statistical comparisons,
followed by Dunnett’s multiple comparisons test. Details of the performed statistical
analysis are described in the figure captions. Differences were considered significant for
p values lower than 0.05.

3. Results and Discussion

3.1. PES Fabrics Functionalization and Characterization

The present research focuses on the stabilization of AgNPs on PES fabrics using a
biopolymer, the chitosan, and an organosilicon compound, HMDSO, to improve the stabil-
ity of the AgNPs and control antibacterial efficacy. PES nanocomposites were prepared by
spray deposition of AgNPs and chitosan or HMDSO layers. The following structures were
prepared: (i) chitosan + AgNPs, (ii) chitosan + AgNPs + chitosan, (iii) HMDSO + AgNPs,
and (iv) HMDSO + AgNPs + HMDSO. Control samples were also prepared by loading
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the fabric only with AgNPs, HMDSO, or chitosan (Figure 1). The AgNPs dispersion was
characterized by DLS and zeta potential. The textile samples were characterized by SEM
and XPS. Furthermore, the nanocomposites were washed 5 times to predict the release of
AgNPs and the effect of the chitosan or HMDSO layers. The differences between washed
and unwashed samples were detected by XPS analysis and confirmed via antimicrobial
testing. The HMDSO and chitosan layers were meant to delay the AgNPs oxidation to a
more controlled and durable release of the Ag ions. Especially after several washing cycles.

In the first step, commercially available AgNPs were redispersed using an ultrasound
bath and ultrasound tip in absolute ethanol. The AgNPs dispersion was assessed by
DLS measurements showing an average size of 281.0 ± 1.5 nm, a polydispersity index of
0.10 ± 0.02, and suitable colloidal stability with a zeta potential value of −31.0 ± 1.2 mV.

In the second step, the PES formulations were obtained by a spray method, where
the AgNPs distribution onto the fabric and corresponding morphology were evaluated
by SEM (Figure 2). The SEM images confirm the presence of AgNPs in all samples with
no significant differences in their distribution or morphology, even in samples with an
initial layer of chitosan or HMDSO, which may be explained by the successful utilization
of the spray method for NPs deposition. The distance and the velocity of the spray flow
were the same in all samples. The AgNPs onto PES showed uniform distribution, some
agglomeration in all samples, and a quasi-spherical structure. In samples with a final layer
of chitosan, it was possible to observe that the available AgNPs linked to the fabrics’ surface
were mostly covered by chitosan (some internal areas were uncovered). It was not possible
to detect the distribution of HMDSO by SEM. No visual differences were found in samples
containing HMDSO in the performed magnifications.

 
Figure 2. SEM micrographs of PES fabric with AgNPs (a,b) and with a final chitosan layer (chitosan +
AgNPs + chitosan, (c,d) at magnifications of ×1000 and ×5000.

Chemical composition analysis of the unprotected AgNPs distributed over a control
PES substrate surface was investigated before and after washing (Figure 3a). An evident
spin-orbit doublet between 366–376 eV is observed, and it is attributed to Ag 3d core levels
confirming the presence of noble nanoparticles on both PES substrates, before and after
washing, respectively. However, after repetitive washing cycles, the intensity of silver-
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related peaks undergoes a relative decrease (Figure 3a). Deconvolution also confirms that
the area under a final fit (black dashed curves) before washing is about 1.79 times larger
than after washing (Figure 3b). It can mean the only fact that an unprotected nanosilver has
been partially rinsed off during laundry. The oxidation states configuration of the remaining
silver differs from that observed for the non-washed sample. By using the formula:

Ag(0) =
Ag0

Ag0 + Ag1+ (1)

and considering peak areas, it can be estimated that a portion of metallic silver of non-
treated sample is larger (59%) than the washed one (52%). Note that neither carbon C 1s nor
oxygen O 1s peaks related to PES substrate have not been considerably modified, proving
its stability under multiple laundry cycles (Figure 3c). The oxygen/carbon atomic ratio
remains unchanged as well, being equal to 0.30 in both cases.

Figure 3. (a) Survey spectra of control PES loaded with AgNPs before and after five consequent
washing procedures. (b) Gaussian deconvolution of high-resolution XPS Ag 3d core levels peaks.
(c) O 1s and C 1s high-resolution spectra.

Aiming to protect the chemical environment of AgNPs, and especially to persist their
population on PES substrate, two different sandwich-like spray-coated protective polymer
layers were investigated (HMDSO and Chitosan). C 1s and O 1s spectra were elaborated
to monitor the presence of HMDSO and chitosan protections after spraying. Considering
PES oxygen/carbon ratio stability before and after washing, this feature can serve as a
“presence indicator” of HMDSO and chitosan on top of PES. This parameter is different
for each case and was found to be 0.30, 0.32, and 0.34 for PES, HMDSO, and chitosan,
respectively. Slightly higher oxygen content is observed for chitosan coating, and the
lowest is attributed to silver decorated PES sample. This finding denotes a good correlation
with the Gaussian deconvolution, where a contribution of the C-O surface component,
defined by a peak area, increases following the oxygen/carbon atomic ratio. A calculated
area enclosed under the “blue” peak given in arbitrary units is as follows: PES = 0.37,
HMDSO = 0.43, chitosan = 0.49 (Figure 4a).
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Figure 4. (a) H igh-resolution C 1s peak accompanied by Gaussian components deconvolution.
(b) The same elaboration for O 1s spectra of the indicated samples.

Similarly, the C-O component behaves within recorded O 1s spectra. The integrated
area of the peak located around 532.7 eV (blue peak) increases its contribution into a final
fitted curve (Figure 4b). The numbers expressed in shares (%) are 32%, 38%, and 41% for
PES, HMDSO, and chitosan, respectively. These observations confirm a successful coating
of PES by HDMSO and chitosan protective layers.

Further, a new portion of nanosilver was attached to freshly created PES + HDMSO
and PES + chitosan samples. Collected XPS results related to Ag 3d5/2 core levels revealed
a high level of similarity in shape for all three unwashed samples, indicating no major
alterations in oxidation shares between Ag(0) and Ag(+1) (Figure 5a). The presence of
Ag(+1) can be related to the oxidation of the metallic silver in contact with air to AgOH,
which consequently decomposes to Ag2O [30]. After completing a sandwich-like structure
by depositing a second protective layer made of the same polymer, noble metal NPs were
not detected by XPS, additionally proving the efficiency of a spray-coating technique. The
influence of washing cycles was tested again for PES + HDMSO + AgNP + HMDSO and
PES + chitosan + AgNP + chitosan. Following the XPS data, neither the shape nor peak
intensity of C 1s was altered. Additionally, the oxygen/carbon atomic ratio remained
unchanged (Figure 5b). Additionally, a typical small Si 2p peak for HMDSO and N 1s peak
for chitosan remained with similar features before and after laundry, indicating superior
stability of sprayed protective layers.
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Figure 5. (a) XPS cut-off representing Ag 3d electronic orbital binding energy range. (b) The effect of
washing cycles on high-resolution C 1s spectra of protective polymer coatings.

3.2. Evaluation of Antibacterial Properties of PES Samples

The antibacterial activity of PES samples functionalized with AgNPs and chitosan or
HMDSO, as well as the corresponding control samples, were tested against S. aureus and
E. coli by shake flask method (Figure 6). The tests were performed at different time points,
after 3 h and 5 h of contact, to evaluate the time-kill kinetics of the AgNPs activity and the
effect of the different layers of each configuration. The antimicrobial effect of the samples,
before and after 5 WC, was also tested to assess the AgNP’s endurance.

Figure 6. Antimicrobial action of samples against S. aureus (a) and E. coli (b) after 3 h and 5 h of
contact, before and after 5 WC.

The composites exhibited low antimicrobial efficacy against S. aureus and strong
activity against E. coli. This can be justified by the differences in the structure of the cell
walls of the two types of bacteria, once S. aureus presents a thicker peptidoglycan layer
(30 nm thickness) than the thinner structure of the E. coli cell wall (~3–4 nm thickness).
Thus, the probability of the positively charged AgNPs being immobilized in the negative
and thicker peptidoglycan layer of S. aureus bacteria is much higher than in E. coli. This
suggests that the antimicrobial effect is controlled by the capability of the silver ions and
AgNPs to disrupt the bacterial cell wall [31–33].
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Generally, the results after 5 h of contact are equal or higher than the results after
3 h of contact but the layers showed to promote different behaviors in the AgNPs action.
Starting from the results against S. aureus, after 5 h of incubation, the sample with 2 layers
of chitosan (chitosan + AgNPs + chitosan) showed the highest log reduction (2.15 ± 1.08).
Despite the higher exposition of the AgNPs in other samples, data suggests a potential
synergistic effect to have taken place between chitosan and AgNPs. Some studies have
been performed using chitosan to improve the adhesion of metal NPs onto textiles, while
improving their inherent features, such as antimicrobial activity (chitosan and NPs) [34].
However, these studies mostly focus on cotton fabrics and no examples were found using
PES. Chitosan has been described as a bacteriostatic polymer. Chitosan can interact with
the cell membrane of pathogens once it presents a negative surface charge, reducing cell
permeability to important environmental factors necessary to their viability. It can also
interact with DNA, form chelates with microorganisms’ nutrients, and form an intense film
on the cell’s surface, inhibiting their growth [35]. The remainder tested samples presented
similar results after 5 h of contact with log reduction between 1.10 and 1.76. The results
after 3 h of contact and after 5 WC did not show any relevant antibacterial efficacy against
S. aureus.

The results against E. coli provided more information about the layer’s efficacy. The
control sample with just AgNPs showed an analogous log reduction after 3 h and 5 h of
contact (7.22). A similar log reduction was obtained in the sample with an initial layer
of HMDSO (HMDSO + Ag), 7.22 and 7.27 after 3 h and 5 h of contact. After 5 WC, the
control sample exhibited 3.53 of log reduction and the HMDSO + AgNPs sample presented
2.69 after 3 h of incubation, and 4.09 and 3.99 after 5 h, respectively. These results suggest
that only one layer of HMDSO does not provide any improvement in AgNPs adhesion
over the control. However, when a final layer of HMDSO was added (HMDSO + AgNPs +
HMDSO), the sample presented a slower antimicrobial effect, with a log reduction of 4.40
after 3 h of incubation (instead of 7.22) and 7.27 after 5 h. Again, after washing a slower
antimicrobial effect was observed. This sample showed a log reduction of 3.16 after 3 h
and a log reduction of 4.53 after 5 h, showing a superior result than the control and the
HMDSO + AgNPs samples.

Since the amount of AgNPs in the unwashed samples is the same (spray application),
the reduction in activity in the first hours of contact when a final layer of HMDSO is
present is due to the greater stabilization of the AgNPs onto the fabric but also to the
superior protection against the oxidation. The mechanism of action of AgNPs against
E. coli have shown to be closely related to the release of silver ions by (i) oxidative stress
caused by ROS, (ii) interaction of silver ions with thiol groups in proteins, and (iii) the
destruction of the bacteria cells via strong affinity between silver ions and cell membrane.
The release of silver ions and the ROS generation have been widely induced when Ag2O
is present [36,37]. In this work, the used AgNPs have an average diameter of 20–30 nm,
and after immobilization form bigger agglomerated clusters that cannot enter inside the
bacteria. Thus, the antibacterial effect seems mainly to be promoted by the ions release.

When using chitosan different effects were observed. The adhesion of AgNPs onto
the fabric was superior using an initial layer of chitosan. The sample chitosan + AgNPs
displayed a log reduction of 3.37 and 4.40 after 3 h and 5 h of contact, respectively. These re-
sults demonstrated the protective effect of chitosan over AgNPs and their superior adhesion
to the substrate. However, after 5 WC, the same sample presented a superior antimicrobial
effect, 5.22 and 5.27 of log reduction after 3 h and 5 h of contact, respectively. This can be
attributed to a dual effect: a better adhesion of AgNPs and to an increased oxidation after
washings as proved in the XPS results. Moreover, when the AgNPs layer was deposited
over the first layer of chitosan, the chitosan was dissolved and the AgNPs were wrapped
in the chitosan, justifying the inferior antimicrobial effect before washings. After washings,
some chitosan was removed, decreasing the protective effect under AgNPs, the exposition
of AgNPs increased, and consequently, the antimicrobial action also increased. Follow-
ing this evidence, the inferior but suitable antimicrobial data of the chitosan + AgNPs
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sample before washing and the superior antimicrobial effect after washing should be at-
tributed to the superior adhesion and protection of AgNPs using the initial layer of chitosan.
Lastly, when a final layer of chitosan was added, a synergistic antimicrobial effect was
also observed between chitosan and AgNPs. Despite the higher AgNPs exposition in
the chitosan + AgNPs sample, the samples chitosan + AgNPs + chitosan showed a higher
antimicrobial effect after 3 h of incubation (4.81 of log reduction) and 5 h of incubation
(7.27 of log reduction). After WC, the antimicrobial results were also relevant, but the
synergism was not that evident reporting log reductions of 3.47 and 4.88 after 3 h and 5 h
of contact, respectively.

Although the results with chitosan layers after washing were comparable to the
control samples just with AgNPs, by using chitosan it was possible to guarantee the
washing fastness of the AgNPs (the AgNPs remained on the fabric). This strategy may
prevent environmental contamination with heavy metals during the use and washing of
antimicrobial textiles, enhance the durability of the antimicrobial effects, and protects the
users from unnecessary exposure to AgNPs and, consequently, their cytotoxicity.

3.3. Evaluation of the Cytotoxicity of PES Samples Extracts

The cytotoxicity of the extracts of the PES samples was assessed after 24 h exposure,
by the NR uptake assay. For that purpose, HaCaT keratinocyte-like cells were used as an
in vitro model. No significant effects on NR uptake were detected after 24 h exposure to the
extracts of AgNPs, HMDSO + AgNPs, HMDSO + AgNPs + HMDSO, chitosan + AgNPs,
chitosan + AgNPs + chitosan, PES control + HDMSO and PES control + chitosan, at all the
tested concentrations (0–100%) (Figure 7). For PES control extract, a small but significant
reduction in NR uptake was observed for the highest tested concentrations (NR uptake
significantly decreased to 96.74 and 96.75, 24 h after exposure to 50 and 100% of PES
control extract, respectively, and when compared to control cells (0%)). Noteworthy, and
accordingly with the ISO 1993-5, the medical devices under study are considered non-
cytotoxic as the relative cell viability observed for the highest concentration of the sample
extract (100% extract) was always higher than 70% when compared to the control cells
(0%) [29].

Figure 7. Cytotoxicity of the PES samples extracts (0–100%) evaluated in HaCat cells by the NR
uptake assay, after 24 h exposure. Results are expressed as mean ± standard deviation (SD) from
4 independent experiences, performed in triplicate. Statistical comparisons were made using one-way
ANOVA followed by Dunnett’s multiple comparisons tests (* p < 0.05 vs. 0%).
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4. Conclusions

This research envisaged the development of PES nanocomposites with controlled
antimicrobial performance against S. aureus and E. coli, using AgNPs and chitosan or
HMDSO layers. The chitosan or HMDSO layers were applied on PES fabric before and/or
after AgNPs deposition. The samples were successfully prepared by spray coating and 5
WC were conducted after deposition. Successful PES functionalization and AgNPs content
were verified by XPS and SEM analyses. The antimicrobial results showed that just an
initial layer of HMDSO does not improve the AgNPs adhesion. However, when an initial
and final layer of HMDSO was applied, AgNPs were stabilized onto PES fabric and the
treatment prevented the complete loss of AgNPs during the washings. When chitosan
was used, different results were obtained. With only one layer of chitosan, the adhesion of
AgNPs to the PES fabric was significantly improved. Moreover, when an initial and final
layer of chitosan was added, a controlled antimicrobial action was attained, and synergistic
antimicrobial effects were evidenced between chitosan and AgNPs. Here, too, superior
washing fastness was observed. Lastly, cytotoxicity studies showed the biocompatibility of
the prepared PES nanocomposites.

These nanocomposites will open new perspectives for the use of AgNPs to PES
functionalization in the healthcare sector with minimal environmental contamination
during the use and washing of antimicrobial textiles, superior durability, and controlled
antimicrobial effect.
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Abstract: This investigation aimed to evaluate the antibacterial effect of polymeric nanoparticles
(NPs), functionalized with calcium, zinc, or doxycycline, using a subgingival biofilm model of six
bacterial species (Streptococcus oralis, Actinomyces naeslundii, Veillonela parvula, Fusobacterium nucleatum,
Porphyromonas gingivalis, and Aggregatibacter actinomycetemcomitans) on sandblasted, large grit, acid-
etched titanium discs (TiDs). Undoped NPs (Un-NPs) or doped NPs with calcium (Ca-NPs), zinc
(Zn-NPs), or doxycycline (Dox-NPs) were applied onto the TiD surfaces. Uncovered TiDs were used
as negative controls. Discs were incubated under anaerobic conditions for 12, 24, 48, and 72 h. The
obtained biofilm structure was studied by scanning electron microscopy (SEM) and its vitality and
thickness by confocal laser scanning microscopy (CLSM). Quantitative polymerase chain reaction
of samples was used to evaluate the bacterial load. Data were evaluated by analysis of variance
(p < 0.05) and post hoc comparisons with Bonferroni adjustments (p < 0.01). As compared with
uncovered TiDs, Dox-NPs induced higher biofilm mortality (47.21% and 85.87%, respectively) and
reduced the bacterial load of the tested species, after 72 h. With SEM, scarce biofilm formation was
observed in Dox-NPs TiDs. In summary, Dox-NPs on TiD reduced biofilm vitality, bacterial load, and
altered biofilm formation dynamics.

Keywords: polymers; nanoparticles; doxycycline; antibacterial; zinc; calcium; biofilm

1. Introduction

Different strategies have been developed over the years to rehabilitate lost dentition.
The current use of dental implants has demonstrated long-term survival and success [1], but
also frequent complications [2], as peri-implant diseases, which are chronic inflammatory
conditions of the peri-implant tissues. When the inflammatory lesion affects the peri-
implant mucosa, without loss of supporting bone, the condition is diagnosed as peri-
implant mucositis [3], whereas, when the inflammation also results in progressive loss of
supporting bone, the diagnosis is peri-implantitis [4], and can eventually lead to the loss of
the implant [5].

The prevalence of peri-implant diseases is high, ranging between 19% and 65% in the
case of peri-implant mucositis, and between 1% and 47% for peri-implantitis [6–8], what
makes prevention, early diagnosis, and treatment of these conditions very important.

Although the etiology of peri-implant diseases is multifactorial, the accumulation
of bacterial biofilms on the implant crown, abutment, and implant surfaces is the most
important factor [5]. A history of periodontitis has been shown to be a risk factor for
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peri-implantitis, and this inflammatory condition is usually more aggressive [9,10] and its
treatment less predictable and efficacious as compared with the treatment of periodonti-
tis [11,12]. Thus, distinct strategies have been proposed for the treatment of peri-implantitis,
mainly through the decontamination of biofilm contaminated surfaces by means of de-
bridement/instrumentation of these surfaces, with or without adjunctive systemic or local
antimicrobial agents [13]. However, the predictability of these treatment protocols remains
to be a challenge, and future research is seeking new approaches and adjunctive agents.

In recent years, nanotechnology has gained relevance in medicine and dentistry for its
use in prevention, diagnosis, and treatment of different conditions [14–16]. Different nanos-
tructured materials have been proposed for the treatment of periodontal and peri-implant
diseases [17,18], such as polymeric nanoparticles due to their antimicrobial activity [19,20].
These polymeric nanoparticles (NPs) are non-resorbable and exhibit carboxyl groups on
their external surface, which may be functionalized with different molecules, thus, enhanc-
ing their antibacterial properties. For example, they can effectively chelate and release
calcium and zinc [19,21]. Similarly, doxycycline loaded NPs have been shown to release
most of this antibacterial agent (around 70%) up to 28 d [21]. These functionalized NPs
act as antibacterial agents not only on planktonic cultures, but also in subgingival biofilms
when grown on hydroxyapatite discs [20,21], which makes their use a potentially effective
tool adjunctive to the mechanical treatment of peri-implant diseases.

The objective of this in vitro investigation was to evaluate the antibacterial capacity of
NPs functionalized with zinc, calcium, and doxycycline, in a validated in vitro oral biofilm
model over titanium discs with sandblasted, large grit, and acid-etched (SLA) surface.
As specific objectives, the bacterial load, the vitality and thickness of the biofilms were
analyzed.

2. Materials and Methods

2.1. Bacterial Strains and Culture Conditions

The bacterial strains Streptococcus oralis CECT 907T, Veillonella parvula NCTC 11810,
Actinomyces naeslundii ATCC 19039, Fusobacterium nucleatum DMSZ 20482, Aggregatibacter
actinomycetemcomitans DSMZ 8324, and Porphyromonas gingivalis ATCC 33277 were selected
for bacterial growth in blood agar plates (Blood Agar Oxoid N◦ 2, Oxoid, Basingstoke,
UK), supplemented with 5% (v/v) sterile horse blood (Oxoid), 5.0 mg L-1 hemin (Sigma,
St. Louis, MO, USA), and 1.0 mg L-1 menadione (Merck, Darmstadt, Germany), under
anaerobic conditions (10% H2, 10% CO2, and balance N2) at 37 ◦C for 24–72 h.

2.2. Nanoparticle Production

Four different NPs, developed as previously described by Osorio et al. [19], were stud-
ied: (a) Undoped NPs (Un-NPs), (b) NPs loaded with zinc (Zn-NPs), (c) NPs loaded with cal-
cium (Ca-NPs), and (d) NPs doped with doxycycline (Dox-NPs). NPs were created through
a polymerization/precipitation procedure with a composition of 2-hydroxyethyl methacry-
late (backbone monomer), ethylene glycol dimethacrylate (cross-linker), and methacrylic
acid (functional monomer), with a final diameter of approximately 150 nm [22,23]. For
the functionalizing process, 30 mg of Zn-NPs and Ca-NPs were immersed for 3 days at
room temperature, and under continuous agitation, in an aqueous solution of ZnCl2 and
CaCl2 (containing zinc and calcium at 40 ppm, at pH 6.5) until reaching the adsorption
equilibrium of metal ions. Next, the particles were removed from the supernatant and
suspended in phosphate buffered saline (PBS). Subsequently, the suspensions were cen-
trifuged for 20 min (6000× g), and the particles were detached from the supernatant. The
same centrifugation technique, with the addition of PBS was used to wash the samples,
and it was repeated twice. Ion complexation values were 2.15 ± 0.05 μg Zn/mg NPs and
0.96 ± 0.04 μg Ca/mg NPs, respectively [21]. For doping NPs with doxycycline, 30 mg
of nanoparticles were submerged in a 40 mgL−1 aqueous solution of doxycycline hyclate
(Sigma-Aldrich, Chemie Gmbh, Riedstr, Germany). NPs were maintained for 30 min under
constant shaking. The achieved amount of doxycycline per gram of NPs was 70 μg [21].
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As with the other NPs, the suspensions were centrifuged. The NPs were separated from
the supernatant and re-suspended in PBS [21]. Doped NPs have been previously shown to
effectively liberate zinc, calcium, and doxycycline [21].

2.3. Specimen Production

Sterile titanium discs (TiDs) (grade 2) of 5 mm of diameter (manufactured and donated
by Straumann, Institut Straumann AG, Basel, Switzerland) with surfaces comparable to
the commercially available SLActive® surface (Institut Straumann AG) were used. The
different types of NPs were all diluted in PBS (10 mg/mL) and were applied onto the
surfaces of the TiDs. Discs coated with PBS without NPs were used as the control.

2.4. Biofilm Development on the Prepared Specimens

The surfaces of TiDs covered with Un-NPs, Zn-NPs, Ca-NPs, Dox-NPs, and PBS were
used for the establishment of the multispecies biofilms [24]. Pure cultures of each bacterium
were grown anaerobically in a medium containing a high concentration of proteins formed
by brain heart infusion (BHI) (Becton, Dickinson and Company, Franklin Lakes, NJ, USA)
supplemented with 2.5 g L−1 mucin (Oxoid), 1.0 g L−1 yeast extract (Oxoid), 0.1 g L−1

cysteine (Sigma), 2.0 g L−1 sodium bicarbonate (Merck), 5.0 mg L−1 hemin (Sigma, St.
Louis, MO, USA), 1.0 mg L−1 menadione (Merck, Darmstadt, Germany) and 0.25% (v/v)
glutamic acid (Sigma). The bacteria were collected at the mid-exponential phase of bacterial
growth (measured by spectrophotometry) and a mixed bacterial suspension was prepared
in modified BHI medium containing 103 colony forming units (CFU) mL−1 of S. oralis,
105 CFU mL−1 of V. parvula and A. naeslundii, and 106 CFU mL−1 of F. nucleatum, A.
actinomycetemcomitans, and P. gingivalis.

Then, 1.5 mL of mixed bacteria suspension was placed over TiDs coated with PBS or with
the different tested products, in a multi-well plate of a 24-well tissue culture plate (Greiner
Bio-one, Frickenhausen, Germany) and were incubated in anaerobic conditions (10% H2, 10%
CO2, and balance N2) at 37 ◦C for 12, 24, 48, and 72 h. Plates containing only culture medium
were also cultured in order to be sure of the sterility of the culture medium.

2.5. Morphological Analysis of Biofilms by Scanning Electron Microscope (SEM)

Biofilms were analyzed by SEM at different times of growth (12, 24, 48, and 72 h).
Specimen fixation was performed by immersion in a 4% paraformaldehyde and 2.5%
glutaraldehyde solution for 4 h, at 4 ◦C. Then, the discs were washed with PBS and sterile
water (10 min each) and submitted to critical point drying. Specimens were sputter-coated
with gold and analyzed by SEM using a JSM 6400 (JSM6400, JEOL, Tokyo, Japan), with a
back-scattered electron detector at an image resolution of 25 kV.

2.6. Analysis of Biofilms’ Vitality and Thickness by Confocal Laser Scanning Microscopy (CLSM)

The non-invasive confocal imaging of fully hydrated biofilms was carried out by means
of a fixed-stage Ix83 Olympus inverted microscope coupled to an Olympus FV1200 confocal
system (Olympus, Shinjuku, Tokyo, Japan). The objective lens was a ×63 water-immersion
lens (Olympus). Specimens were stained at room temperature with LIVE/DEAD® BacLightTM

Bacterial Viability Kit solution (L7012, Molecular Probes B. V., Leiden, The Netherlands).
A staining time of 8 ± 1 min, in a 1:1 fluorochrome ratio was used to obtain the best
fluorescence signal at the corresponding wavelengths (Syto9, 515–530 nm and propidium
iodide, PI > 600 nm). At least three different and demonstrative locations of the discs were
selected for the study. A z-series of scans (xyz) of 1 μm thickness (8 bits, 1024 × 1024 pixels)
were analyzed thanks to the configuration of the CLSM control software. Image stacks
were analyzed by using the Olympus® software (Olympus®). To quantify the biomass and
cell viability within the biofilm, total fluorescent staining of the confocal micrographs was
analyzed using an open source image analysis software (Fiji ImageJ) by measuring voxel
intensities from two-channel images and, thus, calculating the percentage of the biomass
and cell viability within the stacks [25].
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2.7. DNA Isolation and Quantitative Polymerase Chain Reaction (qPCR)

DNA of the biofilms at 12, 24, 48, and 72 h was obtained from all samples using a com-
mercial kit (D-321-100, MolYsis Complete5, Molzym GmgH & CoKG, Bremen, Germany),
following the manufacturer’s instructions. The qPCR technique with hydrolysis probes
was used to detect and quantify the bacterial DNA. The primers and probes were obtained
by Life Technologies Invitrogen (Carlsbad, CA, USA), Applied Biosystems (Carlsbad, CA,
USA) and Roche (Roche Diagnostic GmbH, Mannheim, Germany) and were fixed against
the 16S rRNA gene. A total volume of 10 μL of the reaction mixture was used for the
amplification of the qPCR. The reaction mixtures contained 5 μL Master Mix 2x (LC 480
Probes Master, Roche), optimal primers and probe concentrations [25] (900, 900, and 300
nM for S. oralis; 300, 300, and 300 nM for A. naeslundii; 750 and 400 nM for V. parvula; 300,
300, and 200 nM for A. actinomycetemcomitans; 300, 300, and 300 nM for P. gingivalis; and 600,
600, and 300 nM for F. nucleatum), as well as 2 μL of DNA of the corresponding samples.
The negative control was 2 μL of sterile water (Water PCR grade, Roche). The samples
were subjected to an initial amplification cycle at 95 ◦C for 10 min, followed by 45 cycles at
95 ◦C for 15 s and 60 ◦C for 1 min. The analyses were performed with a LightCycler® 480 II
thermal cycler (Roche). Plates LightCycler® 480 Multiwell Plate 384 (Roche), sealed with
qPCR Adhesive Clear Seals (4titude), were employed.

Each DNA sample was analyzed in duplicate. The value of the quantification cycle
(Cq) was determined using a computer software (LC 480 Software 1.5, Roche Diagnostic
GmbH, Mannheim, Germany) based on standard curves. The correlation between the
Cq values and the CFU mL−1 was generated automatically through the software (LC 480
Software 1.5, Roche).

2.8. Data Analysis

The primary outcome variable to compare biofilms formed over TiD surfaces exposed
to the different NPs was CFUs mL−1 of the six bacterial species presented in the biofilms at
12, 24, 48, and 72 h. The secondary outcomes were cell vitality (72 h), thickness (72 h), and
morphological appearance of the biofilms (12, 24, 48, and 72 h).

Data were expressed as means and standard deviations (SD). The Kolmogorov–
Smirnov test was used to assess data normality. The non-parametric analyses Kruskal-
Wallis ANOVA and pairwise Mann–Whitney comparisons were used. Cell vitality and the
thickness of the formed biofilms at 72 h (n = 6) on the different treated discs were compared
to the control group and also the effects of NPs at different exposure times on CFU mL−1

(n = 9), in this case, the different time periods were analyzed separately. Statistical signifi-
cance was set at p < 0.05, except for post hoc comparisons, where a Bonferroni correction
was applied, and significance was set at p < 0.01. The morphological appearance of the
biofilms, in the different groups, was described as a secondary outcome variable. The
software package (IBM SPSS Statistics 24.0, IBM Corporation, Armonk, NY, USA) was used
for all data analysis.

3. Results

3.1. Morphological Analysis of Biofilms by Scanning Electron Microscope (SEM)

After 12 h of biofilm growth, the SLA TiD surfaces in the negative control group
showed the typical morphology of early biofilm formation, with the presence of individual
bacterial cells, bacterial chains, and bacterial co-aggregates (Figure 1A,B). At this stage, F.
nucleatum was easily identified through its characteristic fusiform bacillus appearance.
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Figure 1. Scanning electron microscopy images of 12 h biofilms on titanium discs (TiDs). F. nucleatum
is recognized due to its morphological fusiform bacillus appearance. Bacteria colonized the entire
rough surface of the phosphate buffer saline (PBS, negative control) coated TiDs (A,B). TiDs covered
with undoped nanoparticles (NPs) (C,D), calcium nanoparticles (E,F), and zinc nanoparticles (G,H)
presented a similar pattern of bacterial presence and distribution. The surfaces of TiDs covered
with doxycycline nanoparticles (I,J) did not present biofilm formation. Bacilli and cocci are marked
with red arrows. The NPs are sometimes visible (yellow arrows). Magnification: (A,C,E,G,I) 1000×;
(B,D,F,H,J) 3000×.
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TiDs covered with Un-NPs, Ca-NPs, and Zn-NPs presented a similar pattern of biofilm
formation, although with lesser bacterial biomass as compared with the negative control
group (uncovered TiDs) (Figure 1C–H). However, as compared with TiDs covered with
Dox-NPs, these TiDs lacked biofilm formation, with evidence of the presence of NPs coating
the SLA titanium surfaces (Figure 1I,J).

As compared with 12-hour biofilms, the 24-hour biofilms in the negative control group
presented thicker biomass and larger amounts of F. nucleatum (Figure 2A,B). In Un-NPs, Zn-
NPs, and Ca-NPs, the structure was similar, but with a higher bacteria load (Figure 2C–H). In
the Dox-NPs treated surfaces, there was no biofilm formation, only depicting some isolated
bacterial cells on the disc surfaces (Figure 2I–J).

 
Figure 2. Scanning electron microscopy images of biofilms, after 24 h of development on titanium
discs (TiDs). Discs with undoped nanoparticles (C,D), calcium nanoparticles (E,F), and zinc nanopar-
ticles (G,H), demonstrated a similar biofilm structure (A,B), with higher amounts of bacteria, and
covering the entire surface of the TiDs. However, the discs with doxycycline nanoparticles evidenced
the surfaces of the TiDs free from biofilm formation, with only a few isolated bacterial cells (I,J).
Magnification: (A,C,E,G,I) 1000×; (B,D,F,H,J) 3000×.

162



Polymers 2022, 14, 358

At 48 h, the morphological characteristics of the biofilms in the negative control discs
were similar, with evidence of bacterial stacks and tunnel formation, the typical features
of mature biofilms (Figure 3A,B). In the Un-NPs group, the entire surface of the TiD was
covered with biofilm growth, in contrast with Ca-NPs and Zn-NPs TiDs, where some areas
of titanium free of bacterial growth were observed (Figure 3C–H). The TiDs covered with
Dox-NPs was again free of biofilm formation, with the presence of only a few scattered
deposits and cells were visible (Figure 3I,J).

Figure 3. Scanning electron microscopy images of 48 h biofilms depicting increased area of the
titanium disc covered by bacteria. In the negative control group (A,B) and the undoped nanoparticles
(NPs) (C,D), the biofilm was spread throughout the disc surface, while in calcium-doped NPs (E,F)
and zinc-doped NPs (G,H), some areas of titanium were still uncovered. Titanium disc covered with
doxycycline-doped NPs (I,J) did not show biofilm formation, but rather a few scattered visible cells.
Magnification: (A,C,E,G,I) 1000×; (B,D,F,H,J) 3000×.

At 72 h, a mature biofilm was present in the negative control group (Figure 4A,B). In
addition, on the TiDs with Un-NPs, Ca-NPs, and Zn-NPs, the biofilms developed a similar
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structure, but still isolated areas of the TiDs were free from biofilm deposits (Figure 4C–H).
On the TiDs with Dox-NPs, there was no biofilm formation (Figure 4I,J).

Figure 4. Scanning electron microscopy images of 72 h biofilms on titanium discs coated with:
(A,B) phosphate buffered saline (PBS); (C,D) undoped nanoparticles (NPs); (E,F) calcium NPs; (G,H)
zinc NPs; (I,J) doxycycline NPs. A mature biofilm could be seen in the negative control group
(A,B). In unloaded NPs, calcium NPs and zinc NPs (C–H), there were similar biofilm structures and
development, with isolated areas of the discs free from biofilm growth. Doxycycline NPs was the
only group without an observable biofilm on the coated titanium surface. Magnification: (A,C,E,G,I)
1000×; (B,D,F,H,J) 3000×.

3.2. Analysis of Biofilms Vitality and Thickness by Confocal Laser Scanning Microscopy (CLSM)

After 72 h of biofilm development, biofilms were similar in thickness in all groups
(ranging between 16 and 23 μm) (p > 0.05), although with statistically significant higher
dead cell biomass in the coated TiDs as compared with the negative control. Dead cells
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percentages were 70.9%, 80.7%, 70.5%, and 85.9% for Un-NPs, Ca-NPs, Zn-NPs, and Dox-
NPs, respectively, versus 47.2% in the negative control (Figure 5). Biofilms in TiDs doped
with Dox-NPs also developed a statistically significantly lower ratio of viable/dead cells
as compared with the negative control group (Control 2.16 and Dox-NPs 0.21) (p < 0.01)
(Table 1).

Figure 5. Confocal laser scanning micrographs after 72 h of growth on titanium discs (TiDs) coated
with: (A) phosphate buffer saline (PBS) as control; (B) undoped nanoparticles (NPs); (C) NPs doped
with calcium; (D) NPs doped with zinc; (E) NPs functionalized with doxycycline. A LIVE/DEAD®

BacLightTM Bacterial Viability Kit was used to assess the vitality of cells. TiDs coated with NPs
presented a reduced cell vitality in their biofilms as compared with control groups (living cells are
presented in green and dead cells in red).
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Table 1. Mean (standard deviation) of the viable and dead cell biomass, viable/dead cell ratios,
percentages of dead and living cells, and biofilm thickness measured by confocal laser scanning
microscopy (n = 6), for the different experimental groups. Titanium discs were treated with phosphate
buffer saline (control) or covered with the four types of nanoparticles (NPs), i.e., undoped NPs (Un-
NPs), NPs doped with calcium (Ca-NPs), NPs doped with zinc (Zn-NPs), and NPs doped with
doxycycline (Dox-NPs).

Control Un-NPs Ca-NPs Zn-NPs Dox-NPs

Viable cell
biomass

68,750.66
(56,340.99)

96,387.27
(68,263.95)

89,579.52
(151,360)

67,989.72
(56,604.86)

30,954.77
(36,063.15)

Dead cell biomass 48,959.41
(45,304.36)

217,722.52 *
(112,422.09)

214,538.38 *
(102,620.69)

162,149.91
(107,249.13)

184,033.22 *
(74,629.22)

Viable/dead ratio 2.16 (3.03) 0.47 (0.32) 0.34 (0.45) 0.41 (0.21) 0.21 (0.27) *
% Dead cells 47.21% 70.89% 80.70% 70.50% 85.87%
% Viable cells 52.79% 29.11% 19.30% 29.50% 14.13%

Thickness (μm) 23 (5.1) 21 (2.5) 23 (11.2) 22 (6.1) 16 (4.5)
* Statistically significant differences as compared with a negative control (p < 0.01). Numbers in parentheses are
standard deviation values.

3.3. Bacterial Load and Presence of Specific Bacteria Analysis by DNA Isolation and Quantitative
Polymerase Chain Reaction (qPCR)

The effect of the tested NPs on bacterial counts (CFUs/mL) of the six tested species
grown in the biofilm model is shown in Table 2.

Table 2. Number of bacteria (colony forming units (CFU)/biofilm), expressed as mean and standard
deviations (SDs) of S. oralis, A. naeslundii, V. parvula, F. nucleatum, A. actinomycetemcomitans, and P.
gingivalis grown as multispecies biofilm at the different times of incubation, measured by quanti-
tative real-time polymerase chain reaction (qPCR) (n = 9 for each incubation time and material).
Titanium discs (TiDs) were used as a negative control as compared with TiDs coated with non-doped
nanoparticles (Un-NPs), or doped with calcium (Ca-NPs), zinc (Zn-NPs), and doxycycline (Dox-NPs).

Bacterial
Species

Time of
Incubation

Number of Bacteria (CFU/Biofilm, Expressed as Mean (SD))

Control Un-NPs Ca-NPs Zn-NPs Do × -NPs

So

12 h 4.36 × 107 7.99 × 107 8.80 × 107 1.05 × 108 2.03 × 104

(1.12 × 107) (1.89 × 107) * (1.94 × 107) * (3.28 × 107) * (1.30 × 104) *
24 h 4.92 × 107 1.08 × 108 1.09 × 108 7.99 × 107 7.75 × 105

(3.92 × 107) (6.78 × 107) (7.19 × 107) (4.58 × 107) (1.19 × 106) *
48 h 4.02 × 107 4.45 × 107 5.45 × 107 5.19 × 107 6.63 × 104

(2.17 × 107) (4.65 × 107) (2.34 × 107) (3.07 × 107) (6.83 × 104) *
72 h 7.42 × 107 1.33 × 108 9.88 × 107 1.37 × 108 1.97 × 105

(3.19 × 107) (5.75 × 107) (3.59 × 107) (5.35 × 107) * (2.76 × 105) *

An

12 h 3.47 × 105 5.11 × 105 4.98 × 105 4.68 × 105 3.72 × 104

(2.28 × 105) (3.62 × 105) (2.35 × 105) (2.41 × 105) (2.17 × 104) *
24 h 9.68 × 106 1.10 × 107 1.30 × 107 7.21 × 106 4.64 × 104

(8.94 × 106) (1.06 × 107) (1.49 × 107) (4.50 × 106) (9.98 × 103) *
48 h 4.14 × 106 3.90 × 106 4.37 × 106 4.34 × 106 5.10 × 104

(2.47 × 106) (2.90 × 106) (3.14 × 106) (2.92 × 106) (2.41 × 104) *
72 h 7.72 × 106 8.87 × 106 7.74 × 106 9.71 × 106 5.06 × 104

(4.92 × 106) (5.90 × 106) (4.73 × 106) (3.82 × 106) (9.75 × 103) *
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Table 2. Cont.

Bacterial
Species

Time of
Incubation

Number of Bacteria (CFU/Biofilm, Expressed as Mean (SD))

Control Un-NPs Ca-NPs Zn-NPs Do × -NPs

Vp

12 h 3.98 × 106 4.67 × 106 5.79 × 106 1.28 × 107 9.72 × 103

(5.02 × 106) (5.14 × 106) (6.80 × 106) (2.09 × 107) (5.71 × 103) *
24 h 2.71 × 108 2.93 × 108 3.87 × 108 2.87 × 108 3.15 × 105

(2.49 × 108) (2.43 × 108) (3.30 × 108) (3.15 × 108) (4.41 × 105) *
48 h 3.39 × 108 3.03 × 108 3.68 × 108 3.06 × 108 8.82 × 105

(2.88 × 108) (4.47 × 108) (2.19 × 108) (2.59 × 108) (1.17 × 106) *
72 h 8.41 × 108 9.66 × 108 5.55 × 108 9.60 × 108 6.87 × 105

(6.59 × 108) 8.82 × 108) (2.75 × 108) (6.83 × 108) (7.52 × 105) *

Fn

12 h 2.56 × 106 5.93 × 106 4.35 × 106 8.63 × 106 4.95 × 105

(1.40 × 106) (4.98 × 106) (2.58 × 106) (7.15 × 106) (2.71 × 105) *
24 h 6.41 × 106 1.34 × 107 1.02 × 107 1.23 × 107 2.17 × 105

(3.73 × 106) (1.16 × 107) (3.18 × 106) (1.03 × 107) (1.34 × 105) *
48 h 2.20 × 107 2.45 × 107 2.77 × 107 2.65 × 107 2.81 × 105

(1.85 × 107) (3.03 × 107) (1.86 × 107) (2.33 × 107) (2.95 × 105)*
72 h 3.95 × 107 4.30 × 107 3.19 × 107 5.20 × 107 2.78 × 105

(3.08 × 107) (3.32 × 107) (7.63 × 106) (3.07 × 107) (1.23 × 105) *

Aa

12 h 1.18 × 107 2.39 × 107 1.93 × 107 2.51 × 107 9.16 × 105

(1.70 × 107) (3.41 × 107) (2.69 × 107) (3.75 × 107) (1.32 × 106)
24 h 2.48 × 106 5.42 × 106 5.04 × 106 5.76 × 106 1.25 × 105

(1.78 × 106) (3.61 × 106) (3.52 × 106) (4.63 × 106) (7.29 × 104)*
48 h 3.64 × 105 5.88 × 105 7.16 × 105 5.60 × 105 1.10 × 105

(2.46 × 105) (3.87 × 105) (6.27 × 105) (3.63 × 105) (6.76 × 104) *
72 h 8.70 × 106 8.84 × 106 3.97 × 106 5.67 × 106 9.82 × 104

(1.10 × 107) (1.70 × 107) (3.42 × 106) (4.60 × 106) (3.88 × 104) *

Pg

12 h 5.60 × 105 1.26 × 106 1.17 × 106 1.52 × 106 3.30 × 105

(4.07 × 105) (4.74 × 105) * (6.64 × 105) (5.10 × 105) * (1.49 × 105)
24 h 8.22 × 105 2.13 × 106 2.21 × 106 2.10 × 106 2.47 × 105

(9.92 × 105) (1.84 × 106) (2.17 × 106) (2.05 × 106) (2.19 × 105)
48 h 1.81 × 106 2.32 × 106 2.65 × 106 2.92 × 106 2.71 × 105

(2.42 × 106) (3.18 × 106) (4.17 × 106) (5.33 × 106) (2.77 × 105)
72 h 2.18 × 107 5.30 × 107 5.11 × 107 9.03 × 107 5.75 × 105

(2.78 × 107) (7.75 × 107) (7.48 × 107) (1.34 × 108) (8.43 × 105) *

* Statistically significant differences as compared with negative control titanium discs (p < 0.01). No statistical
differences were found among Un-NPs, Ca-NPs, and Zn-NPs. Numbers in parentheses are standard deviation
values. So, Streptococcus oralis; An, Actinomyces naeslundii; Vp, Veillonela parvula; Fn, Fusobacterium nucleatum; Pg,
Porphyromonas gingivalis; Aa, Aggregatibacter actinomycetemcomitans.

In 12-hour biofilms, the counts of specific bacterial species were significantly reduced
in the Dox-NPs as compared with the negative control group for F. nucleatum, A. naeslundii,
S. oralis, and V. parvula (p < 0.001). In the coated-NP groups, with Un-NPs, Ca-NPs, and
Zn-NPs, there was a significant increase in the bacterial load of S. oralis (p < 0.001) as
compared with the negative control group. No statistically significant differences were
found among Un-NPs, Ca-NPs, and Zn-NPs.

In 24-hour biofilms, counts of specific bacterial species were significantly reduced in
the Dox-NPs as compared with the negative control group, for all target species, except for
P. gingivalis (p = 0.136). Dox-NPs reduced bacterial load in all cases (p < 0.001).

In 48-hour biofilms, all tested species, except P. gingivalis (p < 0.04), were significantly
reduced with Dox-NPs as compared with the control group (p < 0.001).

In 72-hour biofilms, all tested species were significantly reduced with Dox-NPs as
compared with the control group (p < 0.01).
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4. Discussion

The present investigation, using an in vitro subgingival biofilm model, has demon-
strated the antibacterial effect of coating TiDs with NPs, when NPs are loaded with doxycy-
cline. Discs covered with Dox-NPs, as compared with negative control discs, demonstrated
statistically significant reduced bacterial vitality, lower live/dead cells ratio, and significant
reductions in bacterial load of all tested species, after 72 h. Furthermore, when observed
with SEM, no relevant biofilm formation was identified on the Dox-NPs TiDs.

NPs have previously been found to be non-toxic and non-apoptotic after being tested
with a human fibroblast cell line [19]. NPs are composed of 2-hydroxyethyl methacry-
late, ethylene glycol dimethacrylate, and methacrylic acid, but the synthesis process is
characterized by an efficient method, performed in the absence of harmful solvents or
non-polymerized compounds, which later may interfere with cellular biological processes
and cytocompatibility. Taking this into account, and assuming that dissolution of these
particles is unlikely, and also considering that un-polymerized monomers are absent, all
toxicity observed in bacterial cells may not be related to the polymer compounds of NPs,
but to the number of ions or doxycycline loaded on NPs. It may also be that NPs are
physically interrupting some biological bacterial processes.

In the Dox-NPs group, the 48- and 72-hour biofilms showed scarce biofilm formation,
probably due to the presence of immature and weak biofilms, which become easily detached
during SEM preparation, as previously reported in the literature [20]. In contrast, the
morphology of the developed biofilms on the discs covered with Un-NPs, Ca-NPs or
Zn-NPs were not significantly altered. Similarly, there were no differences in biofilm
thicknesses as compared the different NPs, with and without doping, versus the negative
control TiDs. This effect may be explained since the initial bacterial adhesion and growth
is determined by physical forces, due to the tribological properties of the surfaces [26].
The tested titanium surfaces, covered or not by NPs, were made of grade 2 titanium
Straumann SLA® surfaces, with a mean roughness (Ra) of 1.50 μm ± 0.11 and a three-
dimensional topography with vertical changes (Rz) of around 20 μm [27,28]. Roughness
microtopography not only facilitates initial bacterial adhesion, but also serves as a surface
protection for initial cell growth and biofilm development, thus, providing anchorage to
the bacterial community [26].

Moreover, observations with CLSM also resulted in no significant differences in viable
cells between the different NP-coated groups as compared with the negative control,
although the percentage of dead cells and the dead/viable cell ratio were significantly
higher in the Dox-NPs group. Sánchez et al. 2019 [20] found similar results, when these NPs
were applied onto hydroxyapatite discs. However, the bacterial mortality in the present
research was about 10% lower than in the previous report. This may be due to the higher
roughness of SLA titanium disc as compared with hydroxyapatite discs [28]. Similarly,
the Dox-NPs demonstrated, in the 72-h biofilms, a statistically significant reduction in
bacterial load as compared with the control group. These results clearly demonstrate
the antibacterial potential of these Dox-NPs, probably due to the bactericidal effect of
the loaded antibiotic [29]. Doxycycline may act against most bacteria by inhibiting the
microbial protein synthesis. The mechanism of action is a result of binding the ribosome,
to prevent ribonucleic acid synthesis by avoiding addition of more amino acid to the
polypeptide [29]. Interestingly, clinical trials have shown that the combination of local
doxycycline application, as an adjunct with mechanical debridement, did not always show
a significant effect in peri-implantitis management [30], which may be explained by a
limited diffusion of the antibiotic in biofilms forming within titanium surface irregularities.
This supports the idea that the slow release of drug delivered from the titanium surface,
at the bottom of the biofilm, may be more appropriate for this treatment indication. The
use of polyglycolic acid (PLGA) nanospheres loaded with doxycycline has been clinically
tested in periodontitis and peri-implantitis patients with promising results [31,32]. Lecio
et al. (2020) [31] used 20% doxycycline-loaded PLGA nanospheres, as an adjunctive
therapy for periodontitis, and found positive results in terms of reductions in bleeding
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on probing, probing pocket depths, and clinical attachment loss. The NPs used in the
present study are non-resorbable materials with a burst release of doxycycline up to
7 days, and a maintained release of about 8 μg/mL for 21 days [21]. This concentration is
high above the minimum inhibitory concentration (MIC) reported by Kulik et al. (2019),
as required to inhibit the growth of 90% of organisms (1 μg/mL of doxycycline) for P.
gingivalis and A. actinomycetemcomitans in a planktonic state [33]. In a single species biofilm,
P. gingivalis showed an increased MIC of 12.5 μg/mL for doxycycline, while the MIC for A.
actinomycetemcomitans was 20 μg/mL [34].

Although Dox-NPs have shown antibacterial effects in previous reports [19,20], these
antimicrobial surface delivery systems need to be constructed considering other char-
acteristics, such as: (1) enhancing or, at least, maintaining the chemical and physical
properties of the titanium surfaces; (2) non-cytotoxic effect to host tissues; and (3) pre-
dictable long-term drug release with an effective and stable drug concentration to avoid
bacterial resistance [35,36]. Toledano-Osorio et al., in 2018 [21], showed that Zn-NPs in
solution (10 mg/mL) produced a sustained release of Zn2+ for up to 28 days, reaching a
peak of 0.044 μg/mL. In the case of Ca-NPs, the release was 2.03 μg/mL at 28 days. Interest-
ingly, Navarro-Requena et al. (2018) showed that Ca2+ concentrations that ranged between
100 and 150 μg/mL exerted, in dermal fibroblasts, a higher metabolic state, migration,
collagen production, and, in general, an increase in gene expression related to wound
healing [37].

In the present investigation, NPs were doped with calcium, zinc, and doxycycline, and
were tested for their anti-biofilm effect using a multispecies in vitro biofilm model. Most of
the previously introduced treatments/coatings have been tested using mainly single-species
biofilms [36], which may be useful for initial screening purposes, but proper evaluations
should take into account the diversity of the oral microbiota [36]. Still, the results from
the present investigation should be interpreted with caution due to the limitations of the
in vitro model. In this case, only six bacterial species were used for biofilm formation.
In addition, dental implants with different surfaces, with different roughness and metal
alloys, are available in the market and the present results may only be valid for the specific
titanium surface tested. This demonstrated antibacterial and antibiofilm effect of the NPs,
especially those doped with doxycycline, should be further investigated in more advanced
preclinical and clinical research models.

One of the main advantages of the tested NPs is that they may be easily employed
clinically, for example, NPs suspended on PBS may be spread with a micro-brush onto tita-
nium surfaces during a surgical intervention for the treatment of peri-implantitis. During
surgery, once access is gained to the affected area, and once the affected/infected soft tissue
is eliminated and the implant surface is disinfected/decontaminated, NPs may be easily
applied onto the titanium surface.

Doped nanoparticles may have antimicrobial properties as well as anti-inflammatory
and healing-promoting activities. In fact, zinc- and calcium-doped NPs may have the ability
to sequester calcium and phosphate onto their surfaces, when immersed in simulated body
fluid solution [17–19] and, hence, could promote bone regeneration. Similarly, doxycycline
has a broad-spectrum antibiotic effect, as well as the ability to reduce bone loss [38] and
promote bone formation by reducing inflammation and osteoclastogenesis [39]. It has
been recently found that doxycycline may increase up to 20 times the gene expression
of OPG/RANKL ratio in cultured osteoblasts, favoring bone formation [40]. It may also
act as an immunomodulatory agent [41,42], promoting bone healing. These properties
should also be investigated using the appropriate research models, since peri-implantitis is
a chronic inflammatory disease.

5. Conclusions

Within the limitations of the present in vitro study, non-resorbable polymeric nanopar-
ticles doped with doxycycline were able to decrease the bacterial load in biofilms and alter
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their dynamics of formation. These doxycycline functionalized nanoparticles should be
further investigated as a potential useful tool in the treatment of peri-implant diseases.
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Abstract: In recent years, ion electrolyte membranes (IEMs) preparation and properties have attracted
fabulous attention in fuel cell usages owing to its high ionic conductivity and chemical resistance.
Currently, perfluorinatedsulfonicacid (PFSA) membrane has been widely employed in the membrane
industry in polymer electrolyte membrane fuel cells (PEMFCs); however, NafionTM suffers reduced
proton conductivity at a higher temperature, requiring noble metal catalyst (Pt, Ru, and Pt-Ru), and
catalyst poisoning by CO. Non-fluorinated polymers are a promising substitute. Polysulfone (PSU) is
an aromatic polymer with excellent characteristics that have attracted membrane scientists in recent
years. The present review provides an up-to-date development of PSU based electrolyte membranes
and its composites for PEMFCs, alkaline membrane fuel cells (AMFCs), and direct methanol fuel cells
(DMFCs) application. Various fillers encapsulated in the PEM/AEM moiety are appraised according
to their preliminary characteristics and their plausible outcome on PEMFC/DMFC/AMFC. The key
issues associated with enhancing the ionic conductivity and chemical stability have been elucidated
as well. Furthermore, this review addresses the current tasks, and forthcoming directions are briefly
summarized of PEM/AEMs for PEMFCs, DMFCs, AMFCs.

Keywords: polysulfone; polymer electrolyte membrane; DMFCs; AMFCs; sulfonation; NafionTM;
fillers; inorganic/organic hybrid membranes

1. Introduction

1.1. Fuel Cells

The fuel cell is an electro-chemical energy conversion design; it alters the chemical
energy of the reactants directly into electric energy along with heat and potable water. As
global environmental and energy issues become more and more acute, incredible efforts are
being made to explore new energy selections. As a new energy technology, fuel cells have
been shown to be highly efficient and have an excellent ability to convert conventional
fossil fuel energies due to low or zero-emission [1–3]. Fuel cells and batteries share multiple
similarities: both are based on the anode-to-cathode electronic transfer principle and
convert chemical energy into electric energy; they both require an electrolyte and external
load to perform useful work and generate low DC voltages. Fuel cells are stacked similarly
to batteries as well. Extensive power and voltage output is achieved by combining many
cells in series. The main differences between fuel cells and batteries are the nature of their
electrodes. Batteries use metallic anodes (lithium or zinc) and cathodes (generally metallic
oxides). During operation, batteries consume the anode and the cathode, which will need
recharge or replacement. In contrast, fuel cells operate with externally supplied reactants
and do not consume any part working part of the cell. Therefore, fuel cells need no recharge
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and can continue operating as long as the reactant is supplied. Such repeated charging and
discharging resulted in decreasing the life-time of the battery compared to that in the case
of the fuel cell. In addition, fuel cells provide an inherently clean source of energy, with no
adverse environmental impact during operation, as the byproducts are simply heat and
water [4]. Nevertheless, the recent constraint in fuel cell commercialization stalks from the
expensive nature of the raw materials (NafionTM electrolyte membrane and noble metal
catalysts) and of the manufacturing method [5]. Furthermore, fuel cell electric vehicles
(FCEV) are under progress by many automobile companies and are effectively verified due
to their several advantages. Even though many advantages are in the fuel cells, there is a
gap in the implementation of the fuel cells in on-road vehicles due to some practical issues.

1.2. Types of FCs

Fuel cells are divided into direct and indirect fuel cells according to their working
temperature, the fuel cell components, and the type of electrolytes used. Fuel cells are
classified according to their operational temperatures, such as low-temperature fuel cells
and high-temperature fuel cells, as shown in Figure 1a [6]. The PEMFC, AMFC, and DMFC
belong to low-temperature fuel cells. Molten carbonate fuel cell (MCFC), phosphoric acid
fuel cell (PAFC), and solid oxide fuel cell (SOFC), fall into the high-temperature fuel cells
group. In this cataloging, PEMFCs are more promising and consistent than other fuel cells
owing to their versatile applications, extraordinary efficacy, and tiny emission of impurities,
and can be the basis for DMFCs and AFCs. The acidic or alkaline concentrations are applied
as electrolytes in fuel cells termed as mobile electrolyte systems, whereas electrolytes are
immersed in a porous-based (pores enriched) material, defined as an inert/immobile
electrolyte system or matrix system [7–10].

Figure 1. (a) Different types of fuel cell; (b) structure of PFSA.

1.2.1. PEMFCs

In a typical PEMFC, the cation exchange membrane (CEM or PEM) is accountable
for the proton conductivity, which permits the passage of H+ from anode to the cathode,
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establishing the essential component of the electrochemical device. In various types of fuel
cells, membranes constructed with perfluorinatedsulfonicacid (PFSA) is predominantly
employed because of its excellent proton conductivity and adequate chemical/mechanical
characteristics; they are worked at temperatures between 120 and 180 ◦C in high pres-
sure [11,12]. The structure of PFSA is illustrated in Figure 1b; the sulfonic acid group is
connected to the perfluoroethereal side chains of the PFSA. Proton conductivity is due to
the significant phase separation between hydrophilic and hydrophobic domains in PFSA
when hydrated; and the chemical/mechanical stability is caused by the rigid structure
of the polytetrafluoroethylene (PTFE) backbone and strong C-F bond even in the side
chains. However, this type of membrane exhibited a severe defect at temperatures be-
low zero degrees Celsius and above hundred degrees Celsius [13,14]. Another kind of
membrane, NafionTM, developed and introduced by Dupont in the 1960s, has been exten-
sively studied and is a commercially available proton-conducting membrane in PEMFC
applications. NafionTM shows excellent characteristics, such as high electrochemical and
chemical stability, low permeability to reactant species, selective and high ionic conduc-
tivity, and the ability to provide electronic insulation. However, the NafionTM membrane
showed poor proton conductivity at higher temperatures due to dehydration of water,
which controlled the number of water-filled channels [15–17]. To solve these problems,
researchers have developed alternative ways of proposing other polymeric materials, such
as SPEEK (sulfonated poly(ether ether ketone)) [18,19], polybenzimidazole (SPBI) [20,21],
and polysulfone (SPSU or SPSF) [22,23]. These membranes show their strengths in different
features of water uptake %, ionic conductivity, and mechanical and thermal stability. The
pictorial illustration of PEMFC is depicted in Figure 2a along with cell reaction.

Figure 2. Schematic illustration of (a) PEMFC; (b) AMFC, and (c) DMFC with half-cell reaction.

1.2.2. DMFCs

The DMFCs have few merits of efficiently working at low temperature, easy strategy,
and eco-friendly characteristics. The usage/handle of methanol is also easy since it exhibits
liquid properties at ambient temperature. More specifically, unlike PEMFCs, aqueous
methanol-based DMFCs do not require a humidification system and peculiar thermal
management aids. They also have superior energy and power density as compared to
indirect fuel cells and recently established lithium-ion batteries (LIBs). A plausible usage of
the DMFC comprises portable electronic gadgets, military communications, transportation
services, and traffic lights/signals [23–25]. The schematic of DMFC is presented in Figure 2c.
The major issue with DMFCs is methanol cross-over as it permeates methanol along with
water from anode to cathode direction. During DMFC operation, methanol cross-over
outcomes in low power-output due to methanol oxidation at the cathode with the aid of
cathode catalysts, leading to (i) electrode depolarization, (ii) mixed potential, consequently
open-circuit voltage (OCV) of the DMFC less than 0.8 V, (iii) consuming of oxygen, (vi) CO
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poisoning, and (v) severe water accretion at the cathode, which restricts oxygen contact to
cathode catalyst spots. In addition, the presence of excessive methanol cross-over lowers
the overall performance of the fuel cell [26–28].

1.2.3. AMFCs

In principle, AMFC is a feasible substitute for PEMFC and is currently receiving new
consideration. In AMFCs, the AEM conducts OH− (hydroxide) or CO3

2− (carbonate) anions
while an electric current is flowing, which has numerous advantages, (i) in a high alkaline
environment, both oxygen reduction reaction and methanol oxidation are more predomi-
nant; electro-osmotic drag by OH− moves from cathode to anode, which reduces anode to
cathode methanol cross-over, simplifies water management, and (ii) allows the use of non-
noble metal catalysts. These AEMs are cheap and have improved mechanical/chemical
characteristics compared to PEMs. In recent years, more research attempts have been
performed to synthesize novel AEMs to enhance their ionic (OH−) conductivity [29] along
with alkaline stability [30,31]. Polymer back bones such as polystyrene (ethylene butylene)
polystyrene [32], poly(2,6-dimethyl-1,4-phenylene oxide) [33], polystyrene [34], poly(ether
ether ketone) [35], poly(vinyl alcohol) [36], and polyether sulfone [37,38] have been ex-
pansively explored to synthesize alkaline membranes. The afore-mentioned polymeric
materials can be readily functionalized with the following cationic groups, quaternary phos-
phonium [39,40], guanidinium [41,42], quaternary ammonium [43], or imidazolium [44–46]
which are accountable for creating the polymer backbone conductive.

1.3. Ion Exchange Membranes

For all FCs, the membrane (PEM or AEM) is the heart of the FC. It plays a prominent
part in the transportation of ions within a fuel cell via the following aspects: (1) friction
through the pore walls, (2) the energy of the membrane swelling process, (3) complete block-
age of transport due to insufficient water absorption, (4) hydrophobic/hydrophilic contact
between solvation shells and water dipoles, (5) effects of double-layer and (6) surface
diffusion [47,48]. The main difference between CEMs and AEMs are tabulated in Table 1.

Table 1. Difference between cation and anion exchange membrane.

IEM CEM AEM

Counter ion H+ conductive OH− conductive

Ion-exchange group -SO3
−; -PO4

−; -CO2
− Quaternary ammonium cation,

1-methyl pyridinium

Features High ionic conductivity,
excellent ionomer solution

Non-noble metal catalyst can be
used. Oxygen reduction reaction

and methanol oxidation reaction are
more facile.

Issues

High-cost materials,
fuel crossover, chemical, and

mechanical stability,
practical lifetime

Low ionic conductivity, low
thermostability, influence of CO2,

durability, chemical, and
mechanical stability

1.4. Preliminary Characteristic of IEM

The prepared IEMs were subjected to the following preliminary characterization
studies: water uptake (WU), ion exchange capacity (IEC), ionic conductivity, permeability
of methanol (p), and alkaline stability test to check the appropriateness of the IEMs in FC
applications, and the pictorial protocol is illustrated in Figure 3.
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Figure 3. Characteristics of IEMs for FC applications.

1.4.1. Water Uptake and Schroeder’s Paradox

The WU of the IEM was measured by calculating the weights of the dry and wet
membrane samples. The dry membrane weight (Wdry) is obtained by drying the sample at
100 ◦C for 12 h immediately before weighing it. The weight of the corresponding membrane
in wet conditions (Wwet) is obtained by immersing the membrane sample in deionized
water (DI water) at room temperature for about 1 day, wiping off the surface moisture with
filter paper and then quickly weighing it. The water uptake (%) was determined from the
subsequent equation [49]:

WU (%) =
Wwet − Wdry

Wdry
× 100% (1)

In addition, the sorption may be measured by bringing a membrane to equilibrium
with a liquid by either immersion of the membrane into the liquid (directly) or by contact
with the vapor phase (isopiestically). Since the solution, the vapor, and the sample are all in
equilibrium, it is believed that there is no difference between the two methods. The uptake
of water by PFSA from a liquid reservoir and a saturated vapor reservoir differs under
the same conditions. This phenomenon is called Schroeder’s paradox, and more recently,
attempts have been made to explain this phenomenon theoretically.

1.4.2. Ion Exchange Capacity

IEC is a quantity of the capacity of an insoluble substance to endure ions displacement
with formerly attached and lightly encapsulated into its architecture by oppositely charged
ions existing in the adjacent solution. IEC was calculated by a back titration method with
the following formula [50]:

IEC
(

meq.g−1
)
=

Titre value × Normality of tirant
Membrane weight (dry)

(2)

177



Polymers 2022, 14, 300

1.4.3. Ionic Conductivity

The ionic conductivity of the IEM was measured by AC impedance spectroscopy. Prior
to the testing, the membranes (IEMs) of various forms were fully hydrated overnight in
DI water. The measuring device with IEM was positioned in DI water to maintain the
relative humidity (RH) at 100% throughout the experiment. Membrane resistance was
measured from the difference in the resistance between the blank cell and the one with IEM
separates the counter electrode and working electrode compartment and is converted into
ionic conductivity values using the below formula [51]:

Ionic conductivity
(

S cm−1
)
=

L
R × A

(3)

where R is resistance of IEM (ohm); L is width of IEM (cm); A is area of IEM (cm2).

1.4.4. Methanol Permeability

The methanol permeability (p) is studied at ambient temperature using a two-portion
diffusion cell comprising of a collector (C) and a reservoir (R). C and R were separated by
the investigated IEM, occupied with DI water, methanol, respectively. Both the portions are
stirred continuously during the permeability test. The methanol permeability is calculated
from the time versus concentration curve of the methanol collector slope values according
to the following equation [52].

p
(

cm2 s−1
)
=

m × VC × d
A × CR

(4)

where m represents the linear plot slope; VC signifies the methanol solution volume in the
C; A and d illustrate the area and thickness of the IEM; CR is the methanol concentration in
the tank.

1.4.5. Selectivity Ratio

Especially for DMFCs, the IEM must have two significant characteristics. The pro-
ton/hydroxide ionic conductivity should be maximal and have minimal methanol diffusion.
Therefore, the higher the ratio of ionic conductivity to methanol permeability (termed as se-
lectivity ratio), the better the IEM performance of the DMFC. This selectivity ratio indicates
the performance of the IEM [53].

1.4.6. Oxidative Stability

Oxidative resistance is studied by Fenton’s test in terms of weight loss over a period.
In Fenton’s reagent, degradation of the polymer is caused by free radicals attacking the
electrophilic sites, leading to weight loss.

2. Polysulfone

Polysulfone is a commercially existing aromatic polymer. The relentless attention
of the membrane researchers for PSU is because of its outstanding properties [54], such
as soluble tendency in a wide range of solvents (dimethylformamide, dimethyl sulfox-
ide, halogen derivative, dimethyl acetamide, halogen derivatives), excellent film forming
capacity, withstanding in high temperatures, wide range of operating pH, outstanding me-
chanical strength, and reasonable reactivity in aromatic electrophilic substitution reactions
(acylation, chloromethylation, nitration, sulfonation, etc.) [55]. The chemical structure of
polysulfone is shown in Figure 4. In this present review, we have seen the recent develop-
ments of the polysulfone-based membrane and its composites for PEMFCs, DMFCs, and
AMFCs applications.
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Figure 4. Chemical structure of PSU.

2.1. Membranes Derived from Polysulfone and Its Composites for PEMFCs Application

PEMFC technology has evolved quickly over the past 2 decades, with many advan-
tages over traditional energy storage devices, such as batteries and internal combustion
engines. PEMFCs are more energy-efficient related with diesel/gas engines. They also
produce no hazardous by-products [56–58]. However, the practical feasibility of this tech-
nology is highly dependent on the PEM and its characteristics [59,60]. Hence, PEM is a
crucial component in PEMFCs devices. The outcome of PEM depends not only on excellent
mechanical and thermal resistance but also on the other characteristics, such as film-forming
capacity, excellent proton conductivity, and reduced methanol cross-over [61,62]. Recently,
nano fillers have been widely explored to adjust polymeric membranes to enhance the out-
come of PEMs. These enhancements are reached by introducing a nonstop proton transfer
path in the polymer environment and enhanced mechanical/ thermal characteristics of the
polymer [63,64].

Metal-organic frameworks (MOFs) as carriers for proton-conducting material have
received remarkable attraction from many experimental scientists owing to their high
surface area compared to usual filler materials that permits encapsulation of proton transfer
material [65,66]. For example, Leila Ahmadian-Alam and Hossein Mahdavi reported a
ternary composite membrane composed of MOF and sulfonic acid functionalized silica
(MOF/SO3H-f -Si) nanoparticles with polysulfone for PEMFCs [67]. The implanting of
MOF/SO3H-f -Si nanoparticles on sulfonated PSU ensued in substantial enhancement of the
thermal and mechanical properties of the composite membrane. The ion conductivity and
transport properties of the composite membrane were increased to 0.017 S cm−1 by adding
only 5% of MOF/SO3H-f -Si nanoparticles. Furthermore, the nanocomposite exhibited a
supreme power density (PD) of 40.80 mW cm−2. Nor Azureen Mohamad et al. described
cross-linked highly sulfonated polyphenylene sulfone (SPPSU) membranes comprised of
carbon nanodots (CNDs) as a PEM for PEMFCs application [68]. The cross-linked mem-
brane was prepared by pyrolysis at 453 K, where cross-linking occurs between SPPSU
and CNDs. The prepared cross-linked composite membrane showed the maximum ionic
conductivity of 56.3 mS cm−1. Further, the authors demonstrated that the CNDs encapsu-
lation into SPPSU membrane by pyrolysis treatment displayed a high ionic conductivity
with superior dimensional stability. Recently, Balappa B. Munavalli and Mahadevappa
Y. Kariduraganavar have prepared PEM based composite membrane by two step meth-
ods. First, sulfanilic acid (H2N-C6H4-SO3H) functionalized poly(1,4-phenylene ether ether
sulfone) (SPEESSA) was synthesized. Then, different weight percentages of -SO3H func-
tionalized zeolites have been incorporated into the prepared composite membrane [69].
The composite membranes, Na-ZSM-5 zeolite, Na-β zeolite, and Na-Mordenite zeolite,
exhibited the ionic conductivities of 102, 112, and 124 mS cm−1, respectively. Furthermore,
the composite membrane with 8 weight% Na-ZSM-5 zeolite, Na-Beta zeolite, and Na-
Mordenite zeolite exhibited outstanding PD of 0.37, 2.042, and 0.45 W cm−2, respectively,
in H2/O2 fuel cells. In addition, the obtained PEMFCs results were much better than
the commercially existing Nafion® 117 membranes. Jinzhao Li et al. reported graphene
oxide-based nanoscale ionic materials (NIMs-GO) by sulfonation with 3-(trihydroxysilyl)-
1-propanesulfonic acid (SIT) and consequent neutralization with amino-terminated poly-
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oxypropylene (PO)-polyoxyethylene (EO) block co-polymer [70]. The schematic illustration
of the NIMs-GO synthesis is depicted in Figure 5(A1). Transmission electron microscopy
(TEM) was employed to analyze the morphology of the prepared GO, SIT-GO, and NIMs-
GO (Figure 5a–f). Despite sulfonation by SIT, GO nanosheets exhibit a wrinkled and folded
configuration, an intrinsic property of GO due to their large surface area and intramolecular
attraction. Remarkably, the NIMs-GO exhibited greatly stretched features (Figure 5e,f),
after being ion-exchanged with M2070. The authors stated that the change in morphology
confirms that the M2070 has been ionically bonded to the GO surface via -SO3H/-NH2
interactions. The resulting NIMs-GO with acid-base pairs and hygroscopic EO units were
incorporated into sulfonated polysulfone (SPSF) to fabricate nanocomposite membranes.
The water uptake and retention ability of the SPSF/NIMs-GO nanocomposite membranes
were enhanced due to the hydrophilic EO units of NIMs-GO. Furthermore, the maximum
PD of 167.6 mW cm−2 was attained for SPSF/NIMs-GO-3 at 60 ◦C/100% RH, which is
higher than that of Nafion® 117 and the pristine SPSF membrane (Figure 5(B1)). When
the relative humidity drops to 50% (Figure 5(B2)), the maximum PD of 33.3, 17, and 23.2%
decreases by SPSF, SPSF/NIMs-GO-3, and Nafion® 117, respectively. All these results are
due to the increased H+ conductivity of the fuel cell in both hydrated and low relative
humidity conditions.

Figure 5. (A1) Reaction protocol of SIT-GO and NIMs-GO; (a–f) represents the TEM images of
the prepared GOs; H2/O2 fuel cell performances at (B1) 60 ◦C/100% RH and (B2) 60 ◦C/50% RH.
Reproduced with permission from [70]. Copyright 2019 American Chemical Society.

Recently, Cataldo Simari et al. synthesized sulfonated polysulfone (SPSF)/layered
double hydroxide (LDH) nanocomposite membranes with various weight percentage
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filler content by an easiest solution intercalation method to replace Nafion® electrolyte
in PEMFCs applications [71]. The comprehensive exfoliation and nano dispersion of the
LDH platelets into the polymer improve the thermomechanical resistance, water retention
capability, and dimensional stability of the electrolyte membranes. The photographic
images of the prepared PEMs were depicted in Figure 6a. All membranes except the sPSU-
LDH4 membrane are transparent. In addition, no inorganic particles are noticed in both the
sPSU-LDH2 and sPSU-LDH3 membranes illustrating no agglomeration. The power density
and polarization curves are shown in Figure 6b,c. The maximum PD of 204.5 mW cm−2

at 110 ◦C/25% RH was achieved for the sPSU-LDH3 composite membrane, which is
double the value achieved by the Nafion® membrane. Such a superficial performance was
attributed by the establishment of extremely interconnected ion pathways encouraging an
efficient Ghrotthus-type mechanism for the H+ passage even in dehydrated environments.

Figure 6. (a) Pictorial representation of the prepared membranes; cell voltage and PD plots of H2/O2

fuel cell at (b) 80 ◦C/30% RH and (c) 110 ◦C/25% RH. Reproduced with permission from [71].
Copyright 2020 Elsevier.
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Ting Pan et al. described novel composite membrane from functionalized PSU with
high sulfonic acid groups, N,N-bis (sulfopropyl)aminyl-4-phenyl polysulfone (PSF-N-
C3H6SO3H) and O,O’-bis(sulfopropyl)resorcinol-5-yl-4-phenyl polysulfone (PSF-O-
C3H6SO3H) [72]. The above polymers prepared by grafting amino phenyl group and
dimethoxy phenyl groups to the polymer backbone through bromination of PSU followed
by Suzuki cross-coupling reaction, and the introduction of the sulfopropyl groups through
sulfone ring-opening reaction. Furthermore, the prepared composite membrane exhib-
ited the highest proton conductivity of 46.66 mS cm−1 at 95 ◦C/90% RH. In addition, the
prepared membrane exhibited an adequate swelling ratio and water uptake and reduced
methanol cross-over. The outstanding presentation of the composite membrane is due
to the phase separation between the hydrophobic and hydrophilic subphases and the
establishment of the hydrogen-bonding network in the hydrophilic subphase. Very recently,
Berlina Maria Mahimai et al. prepared a series of nanocomposites from PSF, SPANI (sul-
fonated polyaniline), and Nb2O5 (niobium pentoxide) by the solution casting method [73].
The composite membrane with 10 wt% Nb2O5/PSF/SPANI displayed the highest ionic
conductivity of 0.0674 S cm−1. Furthermore, the authors demonstrated that incorporating
Nb2O5 into virgin PSF enhanced the proton conductivity and improved the thermal and
oxidative stability.

In order to find different polymer electrolyte materials other than NafionTM, polymeric
membranes functionalized with H3PO3 (phosphonic acid) groups have encouraged much
research consideration owing to their enhanced ionic conductivity at high temperature
under dehydration environment ascribing to the self-ionization of H3PO3 groups within
an infused hydrogen-bonding network [74,75]. When compared with SO3H and COOH,
the H3PO3 group has moderate acidity and low water solubility and swelling ability, so
it has a high ability for hydrogen bonding [76]. Furthermore, the bond that exists in
phosphonic acid (-C-P-) is more thermally and electrochemically stable than the sulfonic
acid (-C-S-) bond and carboxylic acid (-C-C-) bond, and therefore, more appropriate for
PEMFCs application [77,78]. For example, Lesi Yu et al. reported proton-conducting
composite membrane from SPSF and polysulfone grafted (phosphonated polystyrene)
(SPSF/PPSF) through controlled atom transfer radical polymerization (ATRP) for PEMFCs
application [79]. The supreme ionic conductivity of 0.01723 S cm−1 at 95 ◦C/90% RH was
achieved. Furthermore, the SPSF/PPSF membrane exhibited promising thermal stability,
adequate swelling ratio, and water uptake, notably enhanced mechanical stability. In
addition, the permeability of methanol decreased from 5.74 × 10−8 cm2 s−1 for PPSF to
0.96 × 10−8 cm2 s−1 for the composite membrane.

PEMFCs operating at high temperatures (HT-PEMFCs) have received considerable
attraction owing to their improved electrode reaction kinetics and simplified humidification
and thermal management [80,81]. In the HT-PEMFC devices, the PEM is a vital element for
carrying H+ (protons) and allocating fuel and oxygen. Hence, HT-PEMs necessitate both
good ionic conductivity and adequate mechanical stability. There have been incredible
efforts to progress HT-PEMs with high proton transport capacity at higher temperatures
(120–300 ◦C). Recently, Hongying Tang et al. have prepared phosphate poly(phenylene
sulfone) (P-PPSU) by post-phosphonylation of brominated poly(phenylene sulfone) (Br-
PPSU), followed by acidification [82]. In addition, the prepared P-PPSU material can act as
a binder material in the catalyst layer to decrease the decay of operating performance of
HT-PEMFC operations. The ionic conductivity of P-PPSU membrane at a high temperature
without extra humidification is only 0.30 mS cm−1 at 160 ◦C, the PD of 242 mW cm−2 is
attained in fuel cell operation at 160 ◦C. The obtained values are low when compared with
Nafion binder material; however, the excellent stability of 200 h is noticed in FCs worked at
160 ◦C with P-PPSU polymer binder with no noteworthy decrease in the fuel cell evaluation.
Hence, the authors demonstrated that the prepared P-PSSU is a viable candidate as a binder
material in the catalyst layer for extremely robust HT-PEMFCs. Jujia Zhang et al. have
also prepared 2,4,6-tri(dimethylaminomethyl)-phenol (TDAP) with three tertiary amine
groups that were grafted to PSF (TDAP-PSF) to attain higher phosphoric acid uptake at
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lower grafting degree from HT-PEMFCs [83]. Furthermore, the single cell reaches the PD of
453 mW cm−2 and has excellent stability without exterior humidification. Huijuan Bai et al.
also described a new strategy for grafting poly(1-vinylimidazole) with phosphoric acid
doping sites on the PSF backbone via ATRP [84]. The authors demonstrated that the high
H+ conductivity is attained due to the establishment of micro-phase separated structures,
and mechanical properties are maintained due to the decreased plasticizing effect produced
by the separation of phosphoric acid adsorption sites and the polymer backbone. The
obtained phosphoric acid incorporated membranes have outstanding ionic conductivity of
127 mS cm−1 at 160 ◦C and excellent tensile strength of 7.94 MPa. On the other hand, the
single H2/O2 fuel cell performance with the optimized membrane is inspiring, achieving a
peak PD of 559 mW cm−2 at 160 ◦C. Table 2 summarized the preliminary characteristics of
various proton-conducting polysulfone-based composite membranes along with their fuel
cell evaluations.

Table 2. Preliminary characteristics of various proton-conducting polysulfone based composite
membranes along with their fuel cell evaluation.

Membrane

Membrane Characteristics

Fuel Cell

Performance
Ref.

WA (%)
IEC

(meq. g−1)

Ionic

Conductivity

(S cm−1)

Methanol

Permeability

Selectivity

Ratio

Oxidative

Stability

PSF/MOF/Si
nanocomposite

16.50 0.86 0.017 @ 70◦C - - -
OCV: 0.90 V; PD:

40.80 mW cm−2 @
160 ◦C

[67]

Crosslinked
CNDs-SPPSU

134 1.67 0.0563 @ 80 ◦C - - -
OCV: 1.0224 V @

100% RH
[68]

SPEESSA/sulfonic
acid zeolite
composite

29.12 3.189 0.124 - - -
OCV: 0.91 V; PD:
0.45 W cm−2 @

1.1 A cm−2
[69]

SPSU/NIMs-GO
composite

34.1 1.49 0.23 @ 75 ◦C - - -
OCV: 1.038 V; PD:
167.6 mW cm−2 @

60 ◦C
[70]

SPSU-LDH
composite

31 1.49 0.0137 @ 120 ◦C - - -
PD:

204.5 mW cm−2 @
110 ◦C

[71]

PSF-N-C3H6SO3H/
PSF-O-C3H6SO3H

60 2.03 0.04666 2.65 × 10−8 cm2 s−1 -

94.12% residual
mass remains at
80 ◦C for 1 h in

Fenton’s solution

- [72]

PSU/SPANI/Nb2O5

nanocomposite
17.6 1.50 0.0674 - -

98.6% residual
mass remains in
Fenton’s solution

- [73]

PSU-g-
phosphonated

polystyrene/SPSU
composite

23.07 - 0.0172 @ 95 ◦C 0.96 × 10−8 cm2 s−1 -

>95% residual
mass remains at

25 ◦C for 120 h in
Fenton’s solution

- [79]

Phosphonated PSU 6.6 2.75 0.0003 @ 160 ◦C - -

87.7% residual
mass remains for
70 h in Fenton’s

solution

- [82]

PA doped
TDAP-g-PSU

- - 0.056 @ 160 ◦C - - -
OCV: 0.92 V; PD:
453 mW cm−2 @

150 ◦C
[83]

Poly(1-
vinylimidazole)-g-

PSU
220.3 - 0.127 @ 160 ◦C - - -

OCV: 0.98 V; PD:
559 mW cm−2 @

160 ◦C
[84]

In summary, the potential of sulfonated polysulfone and its composites, phospho-
nated polysulfone, and several grafted polymers of sulfonated polysulfone for low and
high-temperature polymer electrolyte membranes for PEMFC has been discussed. In
general, the incorporation of nano sized inorganic filler or metal organic frameworks or
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zeolites has enhanced a phenomenal result in both the mechanical characteristics and ion
conducting properties.

2.2. Polysulfone and Its Composites for DMFCs

DMFCs provide numerous distinct advantages associated with reasonable working
temperatures, easy handling and storage of liquid fuel (methanol), offering power in the
utmost effective way. Furthermore, there is no need to recharge the DMFC because liquid
fuel can be delivered directly to the anode, and electricity can be produced immediately.
Significantly, it might be the major energy basis for portable electronic instruments and
automobiles with no toxic gases associated with combustion engines [85–87]. Sulfonated
polysulfone (SPSU) exhibited exceptional mechanical strength and extraordinary methanol
resistance (even at 100% sulfonation), illustrating its tremendous potential for the fabrica-
tion of novel polymeric membranes used in DMFC technology. Nevertheless, the very low
ionic conductivity of SPSU still remains one of the most serious drawbacks. A favorable
and cost-effective method to report this issue is to: (i) blend SPSU with other polymers.
In practice, this approach is commonly applied in order to modify the characteristics of
a virgin macromolecule, attaining superior properties in the resulting blended materi-
als [88–91]. (ii) The preparation of composite membranes by dispersion of inorganic fillers
including silica (SiO2) [92], titania (TiO2) [93], zeolites [94], and heteropoly acids inside the
polymer matrix have been demonstrated to satisfactorily enhance the ionic conductivity of
the resulting electrolyte without sacrificing its mechanical resistance [95,96]; and (iii) the
introduction of functionalized 2D-layered materials (example, graphene oxide, smectite
clay, layered double hydroxides (LDHs), and siliceous layered materials) effectively lowers
the methanol permeability in Nafion-based membranes and simultaneously improves their
proton conductivity, water retention capacity, and thermo-mechanical resistance [97–100].
Among these inorganic fillers, LDHs have recently gained more attention, a class of nanos-
tructured materials belonging to the anionic clay family, with unique physicochemical
properties [101–104]. For instance, E. Lufrano et al. described the incorporation of hy-
groscopic LDH particles into SPSU for DMFCs [105]. The substantial enhancement in
the water and methanol absorption and dimensional stability of the SPSU/LDH com-
posite membrane was observed when compared with both pristine SPSU and Nafion®

212 membranes. Furthermore, the fabricated single DMFC achieved the remarkable PD of
150 mW cm−2 at 80 ◦C at higher methanol concentration (5 M methanol) solution. Xianlin
Xu et al. reported bio-inspired amino acid-functionalized cellulose whiskers impregnated
SPSU as PEM for DMFCs [106]. The maximum ionic conductivity of 0.234 S cm−1 at 80 ◦C
achieved for 10 wt% L-Serine-functionalized cellulose whiskers. In addition, enhanced
water uptake and reduced methanol cross-over were observed. Therefore, the composi-
tion of filler and mixed matrix display outstanding characteristics, and H+ conducting
mixed-matrix membranes are promising materials in DMFCs. Adnan Ozden et al. pre-
pared SPSU/zirconium hydrogen phosphate (ZrP) composite membranes with different
degrees of sulfonation (20, 35, and 42%) and a uniform weight percentage of ZrP (2.5%) to
alleviate the practical tasks related to the usage of traditional Nafion® membranes in DM-
FCs [107]. The SPSU/ZrP-42 composite membrane exhibited a maximum OCV of 0.75 V
and PD of 119 mW cm−2 at 80 ◦C. Nattinee Krathumkhet et al. synthesized composite
membrane from sulfonated ZSM-5 zeolite and SPSU by solution casting method [108].
First, sulfonated ZSM-5 zeolite was synthesized by an organo-functionalization method
using poly(2-acrylamido-2-methylpropanesulfonic acid). Then, SPSU was prepared by the
conventional method. The composite membrane, ZSM-5/SPSU, significantly enhanced the
ionic conductivity, water uptake, methanol cross-over, and IEC relative to the pristine SPSU
membrane. Recently, C. Simari et al. reported blended electrolyte membranes comprised of
SPSU and SPEEK (SPSU/SPEEK) with two different ratios, 50/50 and 25/75, through a
facile and modest solution casting method for DMFC applications [109]. The fabricated
blend membrane showed enhancement of the proton transport along with the reduced
methanol cross-over which is one of the essential criteria for DMFC operation. Furthermore,
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the DMFC performance with 25/75 blend membrane showed a PD of 130 mW cm−2 at
353 K in 4 M methanol. Faizah Altaf et al. also prepared sulfonated polysulfone (SPSU)
based composite PEM filled with polydopamine (PD) anchored carbon nanotubes (PD-
CNTs) by phase inversion methodology with varying the filler (PCSPSU) [110] and the
detailed reaction protocol was given in Figure 7. The composite membrane, 0.5 weight% PD-
CNTs, displayed a 43% rise in ionic conductivity compared to the original SPSU membrane,
increasing from 0.085 S cm−1 for pristine to 0.1216 S cm−1 for the composite membrane at
80 ◦C. The prepared composite membrane also exhibited a remarkable 75% reduction in
methanol permeability (5.68 × 10−7 cm2 s−1) compared to recast Nafion® 117 membranes
(23.00 × 10−7 cm2 s−1). The obtained outcomes suggested that the PD functionalized CNTs
based PEMs as a potential candidate for DMFCs.

Figure 7. Reaction protocols entailed in the preparation of composite membrane, PCSPSU. Repro-
duced with permission from [110]. Copyright 2020 Elsevier.

In summary, SPSU membranes-based composite membranes were widely used as
PEM for DMFCs to enhance its ionic conductivity, methanol cross-over, and single cell
performance. Nevertheless, as previously discussed, in the performances of SPSU compos-
ites, blends, and LDH based SPSUs, many inconsistencies with the experimental results in
relation to ionic conductivity, water uptake, and so on are perceptible. Each method used to
improve the performance of composite and or blend SPSU based membranes offers benefits
and drawbacks. Table 3 consists of SPSU and its composites for DMFCs application.
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Table 3. Sulfonate polysulfone and its composites for DMFCs.

Membrane

Membrane Characteristics

Fuel Cell

Performance
Ref.

WA (%)
IEC

(meq.g−1)

Ionic

Conductivity

(S cm−1)

Methanol

Permeability

(cm2 s−1)

Selectivity

Ratio

(sS cm−3)

Oxidative

Stability

SPSU/LDH
nanocomposite

29 1.49 0.102 @ 120 ◦C 116 mA cm−2 - -

OCV: 0.82 V; PD:
150 mW cm−2 @

80 ◦C in 5 M
CH3OH

[105]

Amino-acid
functionalized

cellulose
whiskers/SPSU

68 - 0.234 @ 80 ◦C 7.6 × 10−7 - -

OCV: 0.73 V; PD:
73.757 mW cm−2 @

60 ◦C in 2 M
CH3OH

[106]

SPSU/ZrP 38 - 0.156 @ 80 ◦C - -

96.66% of
weight

retention after
Fenton test

OCV: 0.75 V; PD:
119 mW cm−2 @

80 ◦C
[107]

Sulfonated
ZSM-5/SPSU

45.41 1.03 0.00965 @ RT 2.24 × 10−6 4309.03 - - [108]

SPSU/SPEEK 34 - 0.073 @ 120 ◦C - - -

OCV: 0.81 V; PD:
130 mW cm−2 @

80 ◦C in 4 M
CH3OH

[109]

PD-CNT/SPSU
composite

32 - 0.1216 @ 80 ◦C 5.68 × 10−7 - - - [110]

2.3. Alkaline Based Polysulfone and Its Composites for AMFCs

Recently, the progress of AMFCs has improved significantly, primarily due to the
advantages of the existence of these systems over the widely known PEMFCs. The alkaline
medium produced by AEM in the fuel cell favors electrode kinetics [111] and subsequently
avoids the usage of expensive and noble metal catalysts. Hence, it is possible to use non-
precious metals (cobalt, nickel and aluminium) [112], thereby reducing the cost of the
system [113]. Nieves Urena et al. reported on amphiphilic semi-interpenetrating polymer
networks for AEMFC applications with three dissimilar ionic groups, namely, tetramethyl
ammonium, 1-methylimidazolium, and 1,2-dimethylimidazolium and cross-linked with
N,N,N’,N’-tetramethylethylenediamine (TMEDA) [114]. The resulting membrane exhibits
the following characteristic: (i) at low temperatures (lower than 100 ◦C) has high ther-
mal stability, (ii) lower water uptake at ambient temperature, (iii) acceptable hydroxyl
ion conductivity, (iv) outstanding chemical stability, (v) excellent dimensional stability
because of the inferior water uptake. Furthermore, the membrane showed excellent al-
kaline stability. Recently, Yang Bai et al. prepared quaternized polysulfone-based AEMS
cross-linked with rGO (CQPSU-X-rGO) functionalized with different chain length small
molecules [115]. Especially, the functionalized CQPSU-X-rGO showed improved ionic
conductivity and chemical stability. The maximum ionic conductivity of 0.140 S cm−1 at
80 ◦C was achieved for rGO cross-linked AEMS. Tiantian Li et al. synthesized PSU based
anion exchange membrane via Friedel-Crafts alkylation method contains pendant imida-
zolium functionalized side chain to avoid conventional carcinogenic chloromethylation.
It does not require any special functional groups on the polymeric materials, which is
the main advantage compared with other mentioned chloromethylation-free routes in the
literature [116]. Furthermore, the membranes synthesized in this methodology displayed
excellent ionic conductivity and swelling ratio along with good mechanical, thermal, and
alkaline stabilities. Very recently, Lingling Ma et al. synthesized a series of AEMs modified
with bulky rigid -cyclodextrin (CD) and long flexible multiple quaternary ammonium (MQ)
membrane for AMFC applications [117]. The resulting AEM with a relatively low IEC of
1.50 meq. g−1 exhibits a good ionic conductivity of 112.4 mS cm−1 at 80 ◦C, whereas its
counterpart without CD modification shows 83.0 mS cm−1 despite a similar ion exchange
capacity (1.60 meq. g−1). This is because large CD units can impart a high free volume
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to the membrane, dropping the ion transfer resistance, while the hydrophilicity of the
external surface of the CD can promote the formation of ion transport channels across
the long flexible MQ cross-links. The fabricated H2/O2 FC provides a maximum PD of
288 mW cm−1 at 60 ◦C. Mona Iravaninia et al. prepared AEM from polysulfone membrane
by a conventional three-step method, chloromethylation, amination, alkalization with
functionalized trimethylamine and N,N,N’,N’-tetramethyl-1.6-hexanediamine [118]. The
prepared membrane exhibited ionic conductivity of 2–42 mS cm−1 at 25–80 ◦C in different
RH. The IECs, anion transport numbers, and hydration numbers were within the range
of 1.6-2.1 meq. g−1, 0.95–0.98 and 9–16, respectively. Furthermore, the single H2/O2 fuel
cell showed a OCV of 1.05 V and a maximum PD of 110 mW cm−2 at 60 ◦C. Yang Bai et al.
proposed a facile strategy to construct rGO stable cross-linked PSU-based AEMs with en-
hanced properties [119]. The cross-linked AEMS can constrict the internal packing structure
and improve alkaline stability, ion conductivity, and oxidative stability. The rGO cross-
linked AEM showed higher ionic conductivity of 117.7 mS cm−1 at 80 ◦C. Wan Liu et al.
derived AEM from QPSU and exfoliated LDH for fuel cell applications [120]. The compos-
ite membrane comprising 5% LDH sheets showed good performance, displaying an ionic
conductivity of 0.0235 S cm−1 at 60 ◦C. Yuliang Jiang et al. reported a series of PSU-based
AEMs with cross-linker, 4, 4′-trimethyenedipiperidine (TMDP) [121]. The cross-linked
aminated polysulfone (CAPSF) displayed supreme alkaline stability compared with non-
crosslinked aminated polysulfone (APSF) in 1 M KOH for 15 days at 333 K. Furthermore,
the CAPSF exhibits better dimensional stability as compared with the non-cross-linked
APSF membrane owing to the compact interconnected architecture formation. From the
above results, the authors concluded that the prepared crosslinked AEM is a potential
candidate for AMFCs. Maria Teresa Perez-Prior et al. prepared crosslinked polysulfone
AEMs using 1,4-diazabicyclo [2,2,2] octane (DABCO) as cross-liner [122]. The obtained
results revealed that the cross-linked membranes displayed exceptional thermal stability,
improved water uptake and dimensional stability as compared with non-cross-linked
AEM. Prerana Sharma et al. described a novel strategy to synthesize alkaline membrane of
chloromethylated polysulfone using cross-linker, 4,4′(3,3′-bis(chloromethyl)-[1,1′-bipheny]-
4,4-diyl)bis(oxy))dianiline) (BCBD) [123]. The detailed reaction pathway of cross-linked
quaternary polysulfone (CR-QPS) membrane is shown in Figure 8. The cross-linked mem-
brane performed well in AMFCs and exhibited maximum OCV of 0.813 V and PD of
103.6 mW cm−2 at 260 mA cm−2.

P. F. Msomi et al. reported a sequence of AEM comprised of poly(2,6-dimethyl-1,4-
phenylene) (PPO) and PSF blended with titania (QPPO/PSF/TiO2) [124]. The swelling ratio,
ionic conductivity, water uptake, and IEC of the composite were enhanced by multiplying
the titania filler content. Furthermore, the QPSU/PSF/2% TiO2 displayed a supreme
PD of 118 mW cm−2 at 60 ◦C with excellent membrane stability over 60 h. K. Rambabu
et al. described imidazolium functionalized PSF membranes modified with zirconia (Im-
PSF/ZrO2) by solution casting method for AMFC applications [125]. The enhanced water
absorption, IEC (2.84 meq. g−1), hydroxyl ion conductivity (80.2 mS cm−1 at 50 ◦C), and
thermal resistance achieved for Im-PSF/ZrO2 composite membrane as compared with
pristine Im-PSF, which confirms the strong adhesion and property enhancement caused
by zirconia. Furthermore, the composite membrane with Im-PSF/10% ZrO2 showed a
maximum PD of 270 mW cm−2 with OCV of 1.04 C in H2/O2 fueled AMFCs.

In summary, prominent developments have been made for the use of quaternized poly-
sulfone with AEM in alkaline membrane fuel cells with respect to thermal, electrochemical,
mechanical stability, and hydroxyl ion conductivity. Furthermore, virtuous advancement
has been achieved regarding the impregnation of various inorganic filler or ionic liquids or
polymer blend into various polymeric assemblies where the resultant AEMs accomplished
rational performance when tested in AMFCs.
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Figure 8. Schematic illustration for synthesis of CR-QPS AEM. Reproduced with the permission
from [123]. Copyright 2020 Elsevier.

3. Conclusions and Future Perspectives

The emerging fuel cell market is a strong driving force for the scientific community to
achieve new, affordable, and high-performance membrane materials. The present review
deals with the recent advancements of polysulfone-based proton exchange membrane/anion
exchange membrane for PEMFCs, DMFCs, and AMFCs application. Polysulfone-derived
PEM/AEM and its composites are exploited a crucial role in the fuel cell applications as
evidenced by the ample literature that is available. For PEMFCs/DMFCs, sulfonated poly-
sulfone and its composites with inorganic fillers, layered double hydroxides, metal-organic
frameworks have been investigated in this present review. Specifically, water uptake, ionic
(H+) conductivity, methanol permeability, alkaline stability, and the performance of fuel cell
substantially enhanced as compared with pristine sulfonated polysulfone. Furthermore,
many polymer electrolyte membranes reported in this review showed a better fuel cell per-
formance and reduced methanol crossover compared with commercially available Nafion
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membranes in both PEMFCs and DMFCs operation. However, still Nafion membranes
were used in the industrial sector and transport vehicles. Therefore, the commercialization
of the PEMs is the utmost priority to every researcher in the membrane study to overcome
Nafion membrane for PEMFCs/DMFCs applications.

As deliberated, the use of AEMs in electrochemical systems could potentially eliminate
the common issues such as fuel crossover, confronted in PEMFCs. Additionally, the use
of AEMs has several advantages, such as being used in alkaline environments, which
enables the use of non-precious metal catalysts. Nevertheless, numerous problems need to
be fixed such as poor ionic conductivity (which is accountable for poor voltage efficiency
and ohmic losses), insufficient membrane stability in alkaline and oxidative atmospheres,
and a lack of suitable alkaline ionomers, especially for AMFCs. Several conventional
methods have been extensively studied to improve the ionic conductivity of AEMs. Re-
cently, interpenetrating polymer network (IPN) and pore-enriched composite AEMs have
efficiently imitated the Nafion-like morphology, where the hydrophobic polyolefin and the
hydrophilic quaternized polymer moiety are well disconnected. As a result, a fabulous
enhancement in the ionic conductivity could be attained. Inclusive data regarding the
oxidative stability of AEMs can inspire further work towards the modification of existing
materials or the development of new materials for AEMs. The development of AEMs based
on PEEK, polybenzimidazole, and functional group chemistries based on imidazolium
and guanidinium are still in the early stages. Therefore, the chemical stability of these
AEMs can be studied in detail and their performance in electrochemical systems can be
explored extensively.

Furthermore, the aminated/quaternized polysulfone blended with other polymers or
the incorporation of inorganic fillers, such as silica, titania, zirconia, zeolites, metal-organic
frameworks, etc., hinder the ionic conductivity and may reduce the chemical stability of
the AEM. Despite their low alkaline stability, AEMs is still an important research field with
a great outlook due to their outstanding advantages over PEMFCs. Therefore, there is an
urgent need to progress novel AEMs that attain a high ionic conductivity and selectivity
and exhibit outstanding chemical stability in alkaline conditions and high temperatures.
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Abstract: In nanoscience, the “green” synthesis approach has received great interest as an eco-friendly
and sustainable method for the fabrication of a wide array of nanoparticles. The present study ac-
counts for an expeditious technique for the synthesis of silver nanoparticles (AgNPs) utilizing fruit
waste grape pomace extracted tannin. Grape pomace tannin (Ta) involved in the reduction and
capping of AgNPs and leads to the formation of stable Ta-AgNPs. Various conditions were attempted
to optimize the particle size and morphology of Ta-AgNPs which was further analyzed using various
analytical tools for different characteristic motives. UV-visible spectroscopy showed a characteristic
peak at 420 nm, indicating successful synthesis of AgNPs. Energy disperses spectroscopy (EDS) anal-
ysis proved the purity of the produced Ta-AgNPs and manifested a strong signal at −2.98 keV, while
Fourier-transform infrared spectrophotometer (FTIR) spectra of the Ta-AgNPs displayed the existence
of functional groups of tannin. Zeta potential measurements (−28.48 mV) showed that the Ta-AgNPs
have reasonably good stability. High resolution transmission electron microscopy (HR-TEM) analysis
confirmed the average dimension of the synthesized NPs was estimated about 15–20 nm. Ta-AgNPs
potentials were confirmed by in vitro antidiabetic activity to constrain carbohydrate digesting en-
zymes, mainly α-amylase and α-glucosidase, with a definite concentration of sample displaying 50%
inhibition (IC50), which is about 43.94 and 48.5 μg/mL, respectively. Synthesized Ta-AgNPs exhibited
significant antioxidant potential with respect to its 2,2′-azino-bis(3-ethylbenzothi-azoline-6-sulfonic
acid) (ABTS) (IC50 of 40.98 μg/mL) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) (IC50 of 53.98 μg/mL)
free radical scavenging activities. Ta-AgNPs exhibited extraordinary antibacterial activity against
selected pathogenic strains and showed comparable antimicrobial index against ampicillin as a
positive control.

Keywords: grape pomace; silver nanoparticles (AgNPs); in vitro antidiabetic activity; DPPH; an-
tibacterial activity

1. Introduction

Owing to distinctive physical, chemical, optical, catalytic, and magnetic properties,
nanomaterials have gained considerable attention for various biological, pharmaceutical,
and electronic applications [1]. In recent times, research interest towards nanotechnology
has improved which leads to the augmented growth in the production of nanomaterial and
its market. Based on their size, nanomaterials are differently grouped, such as nanopar-
ticles, dendrimers, nanotubes and nanofilms [2]. Further, this upsurges the diversity of
nanoscale materials. A plethora of advancements in the methodologies for the synthesis
of nanoparticles with different characteristics put them together as the most applicable
and widely used in materials science. Two conventional production processes, mainly
(a) electrochemical and chemical reduction and (b) photochemical and physical vapor
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condensation, are used for industrial scale nanomaterial production to achieve perfect
shapes and higher purity [3]. However, these processes are energy demanding and re-
quire hazardous reagents (stabilizing and reducing agents), thus are not eco-friendly and
cost-effective. Hence, there is an extensive demand for the definition of less demanding
production technologies that would expand the affordability of the whole nanotechnology
industry [4,5].

Green synthesis is accomplished by combining metal salts with natural reducing
agents (such as plant extracts, fruit extracts, and their secondary metabolites), microbial
extracts and their by-products (such as vitamins, sugars, and biodegradable polymers)
to create nanomaterials [2,6]. The green synthesis of NPs by employing green chemistry
principles (Figure 1) is gaining abundant attraction for the development of these future
nanosized materials. Plant extract-based nanoparticle synthesis is a non-toxic, eco-friendly,
sustainable, and economical way and can perform under aqueous conditions, with low en-
ergy requirements and does not require toxic chemicals. Moreover, nanoparticle synthesis
by plant extracts is comparatively much faster than the microbial route and easily scalable
to produce NPs in huge quantities [7,8]. The fruit and fruit peel extracts contain various
pharmacological compounds which function as reducing and capping compounds in the
fabrication of different kinds of nanoparticles [9–11].

 

Figure 1. Overview of green chemistry principles applied in green nanotechnology.

Silver nanoparticles (AgNPs) have drawn more attention from various entrepreneurs
due to their wide range of scope in numerous industries, such as agriculture, pharmacy,
pigments, catalysis, electronics, and cosmetics. Other incredible properties of AgNPs
include higher conductivity nature, chemical stability, which increases its potential in
pharmaceutical applications mainly, cancer treatment, medical imaging, and drug delivery
with reduced undesired toxicity [6,12].

Grape (Vitas vinifera) can be considered as one of the largest fruit crops; about >67 mil-
lion tons of grapes are produced per annum globally. Grapes are mainly used for wine
production. All through the manufacture of grapes-wine, a major extent of solid organic
by-product as a grape pomace is produced (about 40%). Grape pomace signifies a vital
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source of phenolic antioxidants and can be utilized as an animal feed supplement with
health promoting factors [13,14]. However, utilization of the huge amount of grape pomace
is still scarce, thus it accumulates near wine industries as a waste product and causes
environmental and disposal complications. High levels of condensed tannins are held
back as residue, based on the low extraction during winemaking. Tannin is a polyphenolic
compound, having human health benefits due to higher antioxidant potential [11,15]. The
present study was intended for silver nanoparticles green synthesis using Vitis vinifera
(extracted grape pomace tannin), which has not been studied well in nano research. Further,
the influence of several operational factors in the synthesis of Ta-AgNPs were critically
examined and optimized. Characterization of Ta-AgNPs with regard to the size and size
distribution morphology and structure of particle size was accomplished using various
standard analytical techniques. Ta-AgNPs were assessed for multi biogenic potentials in
terms of in vitro antidiabetic and antioxidant activities by employing standard enzyme
assays. Finally, the antimicrobial efficacy was investigated against pathogenic bacteria
cultures to raise their potential applications in biomedical sectors.

2. Materials and Methods

2.1. Grape Tannin Extraction and Reagents

Grape pomace (GP) was procured from the local wine industry, washed and oven
dried, until a persistent weight was attained. Further, the dried GP was cut into small
pieces and finely ground. Tannin extraction from grape pomace was performed using the
methodology reported elsewhere [16]. The finely ground grape pomace was added in
water comprising of Na2CO3 (2.5%) and Na2SO3 (2.5%) aqueous base solution at 80 ◦C
for 4 h followed by the filtration, and the resultant portion was spray-dehydrated and the
resulting powder was utilized for the synthesis of silver nanoparticles and for subsequent
procedures. Silver nitrate (AgNO3), ascorbic acid, 2,2-diphenyl-1-picryhydrazyl (DPPH),
2,2′-Azino-bis(3-ethylbenzothiazoline)-6 sulfonic acid (ABTS), sodium potassium tartrate,
3,5-dinitrosalicylic acid (DNS), acarbose, α-glucosidase, and α-amylase, were procured
from Sigma-Aldrich, St. Louis, MO, USA. All other reagents and chemicals used for the
study were of analytical grade quality and of higher pureness. Double distilled water was
used throughout in all the experiments for solution preparations (Millipore Corporate,
Billerica, MA, USA).

2.2. Green Mode Synthesis of Ta-AgNPs, Optimization of Conditions and Stability Studies

The synthesis of Ta-AgNPs was performed in the aqueous grape pomace extracted
tannin, which is a reducing agent and silver nitrate (AgNO3), as the precursor compound.
Grape tannin (1000 ppm) and the AgNO3 solution (1 mM) were individually prepared.
Appropriate volumes of tannin and AgNO3 solution (ratio of 1:10) in a flask were gradually
mixed at 30 ◦C on a magnetic stirrer. At regular time intervals, the samples were collected
from the reaction mixture and studied for their absorption spectrum by employing UV-
visible absorption spectroscopy. The change in color (light brown and became darker)
was also noted. In order to improve the properties and analytical merit of Ta-AgNPs, the
reaction conditions, such as pH value (2, 3, 4, 5, 6, 7, and 8), reaction time (0, 5, 10, 20
and 30 min), concentration of AgNO3 (0.5, 1.0, 2.0, and 2.5 mM), and tannin concentration
by means of varied mixing ratios of Ta:AgNO3 (1:1, 1:5, 1:8, 1:10, 1:15, and 1:20), were
inspected in a detailed manner. The optimization of NP synthesis factors was diversified
one at a time by upholding the other variable stable factors. Under optimized conditions
the produced Ta-AgNPs were concentrated and separated from the reaction mixture by
setting a centrifuge at 12,000 rpm for 20 min (Labogene, 1736R, Lillerød, Denmark). The
resulting Ta-AgNPs pellet was washed with distilled water to exclude the impurities and
further dehydrated in an oven (60 ◦C) for analytical studies and biogenic potentials. The
synthesized Ta-AgNPs were observed for up to 3 months for their stability, by keeping
them at room temperature conditions and by applying the procedure reported earlier [9].
All experiments were conducted in triplicate sets.
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2.3. Characterization of Ta-AgNPs

The optical property of Ta-AgNPs was determined between 300 nm and 700 nm at
regular time intervals by using a UV-visible spectrophotometer (Optizen, Model-2120,
Daejeon, Korea). The participation of several functional groups of extracted tannin during
the bio-reduction and synthesis of Ta-AgNPs was analyzed using a Fourier-transform
infrared spectrophotometer (Perkin-Elmer, Norwalk, CT, USA). Meanwhile, the spectrum
of energy disperses spectroscopy (EDS; JEOL-64000, Tokyo, Japan) and element distribution
of Ta-AgNPs was also measured. Zeta potential of Ta-AgNPs was assessed by a zeta
potential analyzer (ELS-8000, Tokyo, Japan). A high resolution transmission electron
microscopy (HR-TEM, Tecnai G2 20 S-TWIN, FEI Company, Loughborough, UK) was used
to analyze the size, shape, and exterior morphology characteristics of Ta-AgNPs. The
particle size of Ta-AgNPs was measured using the standard procedure [9].

2.4. In Vitro Antidiabetic Potential of Synthesized Ta-AgNPs

Antidiabetic potential of synthesized Ta-AgNPs was evaluated by measuring the
inhibition capability against two types of carbohydrate hydrolyzing enzymes (α-amylase
and α-glucosidase). For the α-amylase enzyme assay, a diverse quantity of synthesized
Ta-AgNPs (20, 40, 60, 80, and 100 μg/mL; about 1 mL) was added to 1 mL starch solution
and kept at room temperature (30 ◦C) for 10 min. Through adding 1 mL of dinitrosalicylic
acid color reagent, the reaction was stopped and then kept in a boiling water bath for
10 min and further cooled. Finally, the absorbance was checked for the mixture at 540 nm in
a colorimeter. The α-glucosidase assay was performed according to the standard procedure
and determined the inhibition of the enzyme activity by the Ta-AgNPs [17]. For the
determination of both the enzyme assays, acarbose was considered as standard. Three
replicated determinations were performed, and the averaged results were recognized to
determine the antidiabetic potential of Ta-AgNPs. The enzyme activity was specified as of
IC50 value (articulated as the definite concentration of a sample displaying 50% inhibition).

Free radical scavenging (%) = [(AC − AT)/AC] × 100

AC = absorbance of control; AT = absorbance after exposure to Ta-AgNPs.

2.5. In Vitro Antioxidant Potential of Synthesized Ta-AgNPs

Antioxidant potentials of ascorbic acid (as standard), extracted tannin, and synthe-
sized Ta-AgNPs were investigated by quantifying the free radical scavenging activity
against 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2-Azino-bis(3-ethylbenzothiazoline)-6
sulfonic acid (ABTS). The scavenging activity enzyme assays were conducted by employing
the formerly described standard protocol [18]. The antioxidant activity of all samples was
measured by taking the average mean values and standard deviation values and their scav-
enging potential was specified as of IC50 value using the previously described procedures.

2.6. Antimicrobial Activity

In vitro estimation for antibacterial efficacy of bio fabricated Ta-AgNPs was performed
using Gram-negative and Gram-positive bacteria cultures (Escherichia coli and Staphylococ-
cus aureus) through the standard Kirby–Bauer disc diffusion procedure [19]. First, in the
nutrient broth the cultures were revived at 37 ◦C overnight to attain optimum O.D. (0.4) at
600 nm. Freshly grown overnight cultures were inoculated (100 μL) and swabbed using
sterilized cotton swabs on agar plates. Further, using sterile filter paper discs, extracted tan-
nin, Ta-AgNPs, and Ampicillin were kept on the inoculated agar medium. For the uniform
perfusion of the samples initially, the petri plates were left to stand for 1 h, then incubated
overnight at 37 ◦C for 24 h for bacterial culture growth. Zone of inhibition was calculated
(mm) using a uniform scale round the disc infused with extracted tannin, Ta-AgNPs, and
Ampicillin. Extracted tannin aqueous form was reflected as the negative control and ampi-
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cillin was applied as a positive control. The antimicrobial index of Ta-AgNPs against each
pathogenic bacteria was measured and interpreted using the mentioned formula [20].

Antimicrobial index = (inhibition zone by Ta-AgNPs/inhibition zone by ampicillin) × 100

2.7. Statistical Analysis

All the experiments were conducted in three sets and the data of all the results
calculated values were deliberated as mean ± standard error mean (SEM). The data
obtained were inferred by using the one-way analysis of a variance (ANOVA) test convoyed
by a Tukey–Kramer multiple comparisons test.

3. Results and Discussion

3.1. Ta-AgNPs Synthesis

Tannin as a naturally occurring predominant phytomolecule in grape pomace pos-
sesses higher antioxidant activity [13]. Tannins were extracted from grape pomace and
utilized for the synthesis and fabrication of Ta-AgNPs. Synthesis of Ta-AgNPs was visually
marked by checking the color alteration of the reaction solution, from slight brown to dark
brownish red, and also subjected to surface plasmon resonance (SPR) analysis by using UV-
visible spectroscopy at various time intervals. The spectral analysis manifested a distinct
SPR peak at 420 nm after 30 min of incubation (Figure 2). The absorption spectral peaks in
the range of 410–450 were used for the characterization of the Ag nanoparticles [21]. In
line with the Mie theory, spherical nanoparticles show only a single surface plasmon reso-
nance (SPR) band, which supports our results [12]. The phenolic compounds are mainly
responsible for this chelating ability due to the nucleophilic nature of their aromatic rings.
During the NP synthesis process, Ag+ ions are captured and chelated by extracted tannins,
which subsequently undergo a reduction, nucleation, and capping process, resulting in the
development of stable Ta-AgNPs [22]. The detailed schematic representation of the grape
pomace tannin mediated synthesis of Ta-AgNPs has been presented in Figure 3.

3.2. Optimization of Ta-AgNPs Synthesis Process Parameters

To regulate the size and morphology of nanoparticles, the process parameters can be
either optimized or modified. The solution pH, temperature, reaction time, and phytochem-
ical quantity are vital factors affecting the size, shape, and efficiency of the NP synthesis
process [22,23]. Temperature is another significant process parameter, with an increase in
temperature, the development of nucleation centers increases, which eventually upsurges
the rate of nanoparticle synthesis. In this study, the SPR peak of produced Ta-AgNPs
showed an increase in the absorption intensity from 30 to 40 ◦C, while no difference at
40 ◦C and 50 ◦C was noted (Figure 4a). At a higher temperature (60 ◦C) a sharp reduction in
SPR peak was discerned. Similarly, in other studies of AgNPs synthesis using plant extract,
low reaction temperatures for stable nanoparticles synthesis relative to high temperatures
were required [24].

For instance, alteration in the pH leads to change in the overall charge of bioactive
phytomolecules, which in turn facilitates their binding affinity and hence bioreduction
of metal ions into nanoparticles. During the synthesis of Ta-AgNPs at different pH of
the reaction media, maximum SPR distinct peak was recorded at pH 7.0 while other pH
values found were not significant in the synthesis of Ta-AgNPs (Figure 4b). Nindawat and
Agrawal [25] showed that Arnebia hispidissima extract promoted synthesis of small size
AgNPs at alkaline pH levels of 7.0, 9.0 and 11.0, whereas flat UV spectrum was observed at
pH 3.0, which support our results. The effect of the initial concentrations of silver nitrate
from 0.5 mM to 2.5 mM on Ta-AgNPs synthesis was studied. The results suggested a
distinct upsurge peak up to 1.0 mM (Figure 4c). However, as the increase in silver nitrate
concentration accelerates to decrease the SPR value, it might be due to the agglomeration
of synthesized NPs.
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Figure 2. UV-visible absorption spectrum of synthesized Ta-AgNPs and the color changes in the
reaction mixture at different time intervals.

 

Figure 3. Schematic representation of the grape pomace tannin mediated synthesis of Ta-AgNPs.
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Figure 4. The effect of various influencing operational parameters (a) incubation temperature; (b) initial pH; (c) AgNO3

concentration; and (d) Ta:AgNO3 ratio on the synthesis of Ta-AgNPs and their UV-visible spectra.

High concentrations of polyphenols avoid coalescence and aggregation of nanoparti-
cles; thus, determination of proper tannin concentration is essential. The effect of varying
concentrations of tannins on Ta-AgNPs synthesis was investigated by making different
mixing ratios of tannin and AgNO3. The results suggest that lower concentrations of tannin
were found to be effective and the maximum SPR was noticed at a tannin and AgNO3
1:10 ratio (Figure 4d). However, further decreasing the tannin concentration was found
to be not effective in Ta-AgNPs synthesis [26]. The obtained results can be considered as
noteworthy, which can help make the process worthwhile and commercially applicable.
In accordance with the comprehensive results, the optimized parameters for Ta-AgNPs
synthesis were 40 ◦C temperature, pH: 7.0, 1.0 mM AgNO3, Tannin/AgNO3 ratio: 1:10,
and 30 min incubation time, and were selected for further experimentation.

3.2.1. Analytical Studies of Synthesized Ta-AgNPs

Generally, nanoparticles are characterized on the basis of their morphology, size,
surface area, zeta potential and dispersity index. A homogenous and monodispersed
solution of these nanoparticles is extremely important for numerous applications.

XRD is generally advantageous to analyze the purity and monocrystalline nature of
the nanoparticles [9,27]. X-rays penetrate deep into nanoparticles that generate a diffraction
pattern, which is further compared with the standard for the collection of structural details.
Measurements for the XRD of the Ta-AgNPs showed four distinct peaks at 2θ angles of
38.12, 46.15, 64.75, and 76.54 attributes to (111), (200), (220), and (311) (Figure 5). The XRD
spectrum of the synthesized AgNPs showed 2θ peak corresponding to 111 (at 38.1◦) Bragg
reflections of silver and also confirms the presence of face centered cubic (FCC) crystal
structure. The results are in accordance with the silver nanoparticle synthesized by leaves
of Panax ginseng confirmed the crystalline nature with FCC structure [28].
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Figure 5. XRD pattern of Ta-AgNPs synthesized under optimized conditions.

3.2.2. FTIR Analysis

FTIR spectroscopy is used for the portrayal of the surface chemistry of nanoparticles
and to identify the active functional groups [18]. FTIR analysis was carried out to discover
the functional group deviations amongst grape pomace extracted tannins before and after
it is fabricated on the surface of the AgNPs. FTIR spectra of extracted tannin and Ta-AgNPs
are represented in Figure 6. The presence of broad absorption bands around 3254 cm−1 in
both extracted tannin and synthesized Ta-AgNPs corresponds to the hydroxyl group (O-H)
of polyphenol constituent [29]. Two peaks at 1582 and 1402 cm−1 are representative of the
aromatic ring structures, whereas a small peak at 2922 cm−1 relates to the stretching of
C-H [11]. Moreover, the peaks in the region 1000 to 1300 cm−1 exhibited for aromatic ring
vibration [16]. In a study, analogous outcomes have been observed in the silver nanoparticle
synthesis using different forms of tannins (condensed and hydrolysable) extracted from
chestnut, mangrove and quebracho [30]. FTIR results suggest the presence of polyphenolic
and aromatic constituents of extracted tannins on the surface of Ta-AgNPs, which are
involved in the reduction, capping and stabilizing the synthesized Ta-AgNPs.

3.2.3. EDS and Zeta Potential Analysis

Energy dispersive spectroscopy (EDS) is commonly used to calculate elemental com-
position and the purity investigation of synthesized AgNPs. The EDS measurement of
the synthesized Ta-AgNPs showed the strongest absorption peak at 2.98 keV corresponds
to metallic silver due to surface plasmon resonance by silver atoms (Figure 7). The other
minor peaks of C and S are related to tannin molecules, suggesting its involvement in the
synthesis and fabrication of Ta-AgNPs. Few other studies confirmed that the adsorption
of silver has been observed around 3 keV, which corresponds to the binding energy of
elemental silver [11,28,31].

Further, the synthesized Ta-AgNps were studied by using zeta potential for the
determination of surface charge. The analysis results showed the presence of higher
negative surface charge (−28.48 mV), which can prevent the NPs from agglomerating. Some
researchers suggest that nanoparticle zeta potential values > 30 or <−30 are comprised of
high levels of stability [32]. This property is useful for the stability of synthesized NPs due
to which SPR spectrum of Ta-AgNPs remain stable for about 3 months, and thus can be
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used in a continued way. Analogous zeta potential value −28.4 mV was perceived in the
silver nanoparticles synthesized using Vitis vinifera skin extract [11,30].

Figure 6. FTIR spectra of extracted tannin and Ta-AgNPs synthesized under optimized conditions.

Figure 7. Energy dispersive spectroscopy (EDS) analysis of Ta-AgNPs synthesized under opti-
mized conditions.

3.2.4. HR-TEM Analysis

Electron microscopy is another universally used technique for the analysis of the size
and morphological characterization of nanoparticles. The TEM micrographs at different
50 nm and 20 nm magnifications revealed that the synthesized Ta-AgNPs are spherical in
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shape and uniformly distributed in the sample (Figure 8a,b), which aligns well with XRD
and UV-visible spectroscopy results. TEM images also showed the presence of dark caps
on the outer layer of nanoparticles which was due to the occurrence of tannin biomolecules
on the surface of synthesized Ta-AgNPs. The particle histogram suggested the maximum
NP size is in the range of 15 to 20 nm (Figure 8c), which increases its potential applicability
in various sectors. Similar types of observations were recorded in the silver nanoparticles
synthesized using Acacia nilotica leaf extract, jasmine flower extract, and aqueous extract of
Dracocephalum kotschyi Boiss, respectively [31,33–35].

Figure 8. HR-TEM images of Ta-AgNPs: (a) at 50 nm; (b) at 20 nm amplification; and (c) average
particle size histogram of the Ta-AgNPs produced under optimized conditions.

3.3. Biogenic Potential of Synthesized Ta-AgNPs

The biogenic potential of the green synthesized Ta-AgNPs was assessed by investigat-
ing their antidiabetic, antioxidant, and antibacterial activities.

3.3.1. Antidiabetic Potential

The green synthesized silver nanoparticles have been established as highly stable and
useful candidates for drug carriage because of their ultra-small size and unique physic-
ochemical properties [7]. The capability to fine-tune the surface charge of the nanopar-
ticle helps in targeting specific locations and the controlled release of drugs. α-amylase
and α-glucosidase are accountable for hydrolyzing oligosaccharides or polysaccharides
into α-D-glucose which are adsorbed by intestinal cells, leading to postprandial hyper-
glycemia [36]. This unusual higher sugar level is responsible for the occurrence of type
2 diabetes (T2DM) which is troublesome and not easy to control. Acarbose, voglibose,
and miglitol found clinically effective drugs to restrain or to treat T2DM by inhibiting the
carbohydrate degrading enzymes [37]. However, these drugs are costly and also show
adverse effects. To overcome this, there is a crucial requirement to establish effective NPs
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coated with natural products to control T2DM and sequential disorders. The synthesized
Ta-AgNPs showed effective inhibition for both α-amylase and α-glucosidase enzyme ac-
tivities in a dose dependent mode. The half-inhibitory concentration (IC50) of Ta-AgNPs,
extracted tannin and standard drug acarbose were determined and shown in Figure 9. The
IC50 value of Ta-AgNPs and acarbose for α-amylase and for α-glucosidase were 43.94 and
40.2 μg/mL and 48.5 and 40.0 μg/mL, respectively (Figure 9). Holoptelea integrifolia leaves
mediated AgNPs showed antidiabetic potential against α-amylase with significant 86.66%
inhibition in enzyme activity [38]. In this study, the authors have proposed that synthesized
AgNPs inhibit ATP-sensitive K+ channel mechanism in beta cells of the pancreas.

Figure 9. Antidiabetic potential of synthesized Ta-AgNPs, extracted tannin, and standard (acarbose)
against α-amylase and α-glucosidase and their IC50 values.

3.3.2. Antioxidant Potential

Free radical generation is responsible for the existence of several pathological diseases,
for instance cancer, heart disease, diabetes, Alzheimer’s, hypertension, atherosclerosis, and
aging [8]. The bio-synthesized Ta-AgNPs demonstrated significant antioxidant perspectives
in terms of radical scavenging activities against stable free radical DPPH and ABTS and
are presented in Figure 9. Ta-AgNPs displayed promising DPPH and ABTS free radical-
scavenging activities in a concentration dependent mode. The standard catechol and
synthesized Ta-AgNPs for DPPH and ABTS showed IC50 values (44.4 and 43.8 μg/mL)
and (53.9 and 40.9 μg/mL), respectively (Figure 10). In both enzymes only extracted tannin
was found less effective and documented higher IC50 value (70.8 and 65.2 μg/mL) relative
to standard and Ta-AgNPs (Figure 10). In the case of grape seed and apple tannins, grape
seed tannins displayed significantly more antioxidant activity than apple tannins [39]. The
free-radical scavenging potential of biosynthesized nanoparticles and their application
for the cure of different pathological conditions have been studied in vitro by several
researchers [9,25,40]. The significant antidiabetic and antioxidant potential of Ta-AgNPs
due to the tannin molecules are involved during the synthesis and fabrication of NPs.
These molecules enhance the surface area of NPs, and their proper interaction leads to
significant antidiabetic and antioxidant activities.
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Figure 10. Antioxidant potential in terms of scavenging activity of synthesized Ta-AgNPs, extracted
tannin, standard (catechol) against highly stable DPPH and ABTS and their IC50 values.

3.3.3. Antibacterial Potential

There has been emerging attention paid to exploring substitute approaches to devel-
oping novel antimicrobial agents since there is a continuous rise in multidrug resistant
bacteria due to excess antibiotics use, mutation, and environmental circumstances [6,41].
The smaller sized nanoparticles have a superior binding surface area relative to larger
NPs and show more potent antimicrobial activity. AgNPs found a potent antimicrobial
agent. The synthesized Ta-AgNPs exhibited potential antibacterial activity towards the
designated strains. The results are expressed as zone of the inhibition (ZOI) to define the
comparative antibacterial potential of Ta-AgNPs and the results have been presented in
Table 1. The obtained results revealed that the synthesized Ta-AgNPs executing significant
antibacterial activity and can be used in the development of antibacterial drugs. It was
supposed that Ta-AgNPs exhibited significant antibacterial effect, owing to its ability to
penetrate the membrane and interact with cellular components, mainly destruction of
respiratory enzymes, destruction of electron transport process, and DNA function, which
leads to growth inhibition. Still, additional research is essential to understand the exact
mechanisms of antibacterial activity by NPs. Disruption of membrane potential leads
to cytoplasmic leakage, which results in the release of proteins and lipopolysaccharide
molecules, and finally lysis of bacterial cells was observed [42]. AgNPs synthesized using
the leaf extract of Neurada procumbens showed noteworthy antimicrobial activity against
multidrug resistant Gram-negative pathogens Klebsiella pneumoniae, Acinetobacter baumannii
and Escherichia coli [43]. Moreover, Hashim et al. [11], Escárcega-González et al. [41], and
Kim et al. [44] also conveyed antibacterial activity of plant extract mediated AgNPs against
S. epidermidis, S. aureus, Listeria monocytogenes; E. coli, P. aeruginosa, P. aeruginosa, B. subtilis;
and E. coli, and S. aureus, respectively.
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Table 1. Assessment of antimicrobial activity of Ta-AgNPs against pathogenic microorganisms.

Zone of Inhibition (mm)

Pathogen
Ta-AgNPs

concentration
(20 μg/mL)

Positive control
(20 μg/mL)

Negative control
(20 μg/mL)

Antimicrobial
index (%)

Escherichia coli 14.2 ± 0.48 15.2 ± 0.52 4.85 ± 0.98 93.4 ± 2.05

Staphylococcus aureus 11.1 ± 0.82 13.7 ± 0.65 4.15 ± 0.68 81.0 ± 2.35
Positive control—Ampicillin; negative control—extracted tannin. NA—no activity. Values are mean ± standard
error of three replicates.

4. Conclusions

The fruit waste grape pomace extracted tannin was exploited for the synthesis of
Ta-AgNPs for the potent approach as more cost effective and non-toxic, as well as useful
in lessening the burden of grape pomace waste. Optimization of synthesis parameters
and their characterization using various standard analytical techniques was performed.
The results suggest the synthesized NPs are spherical, monodispersed and highly stable.
Tannin fabricated AgNPs showed significant antidiabetic potential by inhibiting the marker
carbohydrate hydrolyzing enzymes, namely α-amylase and α-glucosidase. Addition-
ally, Ta-AgNPs showed promising antioxidant potential and antibacterial activity against
pathogenic microorganisms. In consonance with all-inclusive results, Ta-AgNPs displayed
a wide array of biological solicitations and can be recognized as attractive, eco-friendly
material for its possible use in drug delivery, diabetes treatment, antibacterial activity, and
cancer therapy, without negative effects.
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Abstract: The production of pure silver nanoparticles (Ag-NPs) with unique properties remains
a challenge even today. In the present study, the synthesis of silver nanoparticles (Ag-NPs) from
natural pullulan (PL) was carried out using a radiation-induced method. It is known that pullulan is
regarded as a microbial polysaccharide, which renders it suitable to act as a reducing and stabilizing
agent during the production of Ag-NPs. Pullulan-assisted synthesis under gamma irradiation was
successfully developed to obtain Ag-NPs, which was characterized by UV-Vis, XRD, TEM, and
Zeta potential analysis. Pullulan was used as a stabilizer and template for the growth of silver
nanoparticles, while gamma radiation was modified to be selective to reduce silver ions. The
formation of Ag-NPs was confirmed using UV–Vis spectra by showing a surface plasmon resonance
(SPR) band in the region of 410–420 nm. As observed by TEM images, it can be said that by increasing
the radiation dose, the particle size decreases, resulting in a mean diameter of Ag-NPs ranging from
40.97 to 3.98 nm. The XRD analysis confirmed that silver metal structures with a face-centered cubic
(FCC) crystal were present, while TEM images showed a spherical shape with smooth edges. XRD
also demonstrated that increasing the dose of gamma radiation increases the crystallinity at a high
purity of Ag-NPs. As examined by zeta potential, the synthesized Ag-NP/PL was negatively charged
with high stability. Ag-NP/PL was then analysed for antimicrobial activity against Staphylococcus
aureus, and it was found that it had high antibacterial activity. It is found that the adoption of
radiation doses results in a stable and green reduction process for silver nanoparticles.

Keywords: silver nanoparticles; pullulan; gamma irradiation; green synthesis; antibacterial

1. Introduction

A multiphase material composed of at least one dimension below 100 nm is regarded
as a nanomaterial. Polymer/silver nanomaterials that combine the advantages of the
metal particles and the polymer’s processability open a new gateway in developing new
nanocomposite systems with improved performances [1]. Investigation of metallic nanopar-
ticles is a continuing concern within other nanomaterials. They are considered to be very
promising as they contain remarkable antibacterial properties due to their large surface
area-to-volume ratio, which is of interest for researchers due to the growing microbial
resistance against metal ions and antibiotics, and the development of resistant strains [2,3].
Metallic nanoparticles, particularly silver, have a better property than that because of
their bulk structure. Thanks to their flexible structure, their unique properties contribute
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to better thermal, electronic, antimicrobial, and sensing functionalities [4]. A previous
researcher also reported that incorporating an organic material into inorganic particles will
prevent the agglomeration of colloidal dispersions [5]. The aggregations of particles in
colloidal dispersions are expected to reduce their diffusivity, thus limiting the contact with
the bacteria.

Over the past century, there has been a dramatic increase in the exploration of the
potential of metal nanoparticles (NPs). NPs are reported as promising materials due to
their significant composition of high-energy surface atoms [6]. Factors that influence
the higher content of high-energy surface atoms in NPs are believed to be based on
their exceptional physical and chemical properties, which correspond to their bulk solid
counterparts [7]. More recent attention has focused on the provision of producing silver NPs
(Ag-NPs) because they have several superior properties and are widely used in different
fields. Ag-NPs are used in diverse fields, including the medical, catalysis, electronic, optic,
environmental, biotechnology, and packaging industries [8]. The antibacterial properties
are the most encouraging characteristic in Ag-NPs as they provide an antimicrobial nature
in the final product embedded with Ag-NPs.

Green synthesis of Ag-NPs always focuses on using starch, fungus, yeasts, plant
extracts, and other biological and natural materials as a reactant [9–11]. The use of these
materials in producing Ag-NPs has been stated as a safe and eco-friendly process due
to the absence of hazardous reducing agents [12]. Pullulan, in this case, which is also
regarded as a biomaterial, is derived from the polymorphic fungus Aureobasidium pullulans
and has the structure of a linear homopolysaccharide of glucose [13,14]. Pullulan is
composed primarily of maltotriose units, which are units of three α-1,4-linked glucose
molecules that are polymerized linearly via α-1,6-linkages. Figure 1 illustrates the proposed
structure of pullulan. The fabrication of Ag-NPs using pullulan is a better approach
because the pullulan will act as a capping agent. According to previous researchers, these
green-synthesized Ag-NPs, in comparison to chemically synthesized synthetic Ag-NPs,
were found to be less toxic [15]. Several studies have reported that the toxicity of silver
nanoparticles on normal cells varies depending on the particle size, capping agent and
reducing agent used, and the techniques in synthesizing the nanoparticles [16]. It is known
that toxicity of Ag-NPs towards normal cells is likely but minimal if synthesizing using
a biomaterial. The reactivity of Ag-NPs to generate ROS was shown to induce the toxicity
of Ag-NPs [15].
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Figure 1. Structure of pullulan.

Pullulan is chosen as a biopolymer material to improve the reduction process without
accelerating, reducing, or complexing agents. In addition, the structure of the polysac-
charides in pullulan is reported to enhance the antibacterial activity by encapsulating the
Ag-NPs, thus producing more stable nanoparticles [17]. This, in turn, will result in uniform
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and monodisperse nanoparticles being made [18]. Moreover, the particle size can also be
tailored to the desired size with the incorporation of capping agents such as polymers,
plant extracts, and, in this case, pullulan. It is reported that pullulan has a number average
molecular weight (Mn) of 90,000–150,000 daltons (Da) and a weight average molecular
weight (Mw) of 380,000–480,000 Da. The polydispersity index (PI) of pullulan ranges from
4.22 to 3.2 [13]. The capping agent molecules are believed to collide with the metal particles,
which later induce the particles’ aggregation, shaping the particle size into the desired
shape [19].

The fabrication of silver nanoparticles with the right shape and uniform size distribu-
tion inside the matrix, on the other hand, remains challenging. A radiation-induced process
is ideal for generating metal particles in a solution, notably those of silver. Metallic ions
are reduced at each interaction. Previous studies have shown that radiolytically produced
species, solvated electrons, and secondary radicals have substantial reducing potentials [19].
In this study, pullulan was selected for generating silver nanoparticles (Ag-NPs) as it is
non-toxic, renewable, and biocompatible [20–26]. The gamma irradiation synthesis method
was introduced because it reduces the reaction time, produces a higher yield, and is green
compared to the chemical reduction method [6]. The radiation method offers many advan-
tages for the preparation of metal nanoparticles. Hydrated electrons, resulting from the
aqueous solution’s gamma radiolysis, can reduce metal ions to zero-valent metal particles,
avoiding the use of additional reducing agents and the consequent side reactions.

Traditional chemical methods for Ag-NP synthesis involve toxic chemicals (such as
potent reducing agents, hydrazine, ethylenediaminetetraacetic acid, and, above all, sodium
borohydride) and exposure to high-temperature conditions (such as in the citrate-based
method). Therefore, they are not compatible with the green chemistry principle [27,28],
which is why it is necessary to develop facile and green technologies in nanomaterial
synthesis [29]. Therefore, this work addresses the need to synthesize silver nanoparticles in
a green and clean process without the need for a chemical reducing agent. The gamma irra-
diation technique was chosen due to its sterile and inert process. In addition, this method
also provides faster reaction times, higher yields, and improved material properties [14].
Hence, based on a previous study, Ag-NPs on pullulan were synthesized by the gamma
irradiation method.

2. Materials and Methods

2.1. Materials

All materials and reagents used in this work were of analytical grade and used as
received without further purification. Silver nitrate (AgNO3-99.85%) was used as the silver
precursor and was obtained from Acros Organic (Carlsbad, CA, USA). Pullulan powder
(R&M Chemicals, London, UK) was applied as a solid support for Ag-NPs. All these
aqueous solutions were used with double-distilled water.

2.2. Methods
2.2.1. Synthesis of Ag-NPs on Pullulan by Using γ-Irradiation

For the synthesis of Ag-NP/PL nanocomposites, 3.0 g of pullulan was dispersed in
100 mL double-distilled water and consistently stirred for 1 h at 90 ◦C until a clear solution
was obtained. The solution of PL was left to cool at the ambient temperature; thereafter,
100 mL of the aqueous solution of AgNO3 (0.1 mol/L) was added, and the mixture was
further stirred for 1 h. The mixture was then divided into six equal part (20 mL) sample
bottles, purged by N2 for 30 min, and sealed. Finally, the suspension, which contained
AgNO3/PL (A0), was irradiated under γ-irradiation with absorbed doses of 5, 10, 15, 20,
25, and 50 kGy (A1–A6). The γ-irradiation process was carried out in a 60Co Gammacell
irradiator at room temperature (the dose rate was 35.7 kGy/min) provided by the Malaysia
Nuclear Agency, Bangi.
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2.2.2. Characterization Methods and Instruments

The formation of Ag-NPs was confirmed using UV–Vis spectroscopy analysis. At
a medium scan rate, the produced Ag-NPs were scanned from 300 to 1000 nm with a UV–
Vis spectrophotometer (UV-2600 Shimadzu, Kyoto, Japan). The spectra of the sample were
measured using a designed holder for a sample of 2 cm × 2 cm in dimension. It is known
that UV–Vis analysis can be used to determine the peak of the metal atoms. The peak
detection is due to the colored metal ions in response to the absorption of visible light. In
addition, the electrons within the metal atoms exit one electronic state to another, leading
to a strong peak presence at a specific range.

The crystallinity of the nanomaterials was determined by XRD analysis. In this
analysis, the XRD pattern was scanned from 10◦ to 80◦ at a 2θ angle. The identity of
the silver nanoparticles can be confirmed by comparing the XRD pattern with the library.
The XRD samples were dropped until they reached a certain thickness in the thin film by
being repeatedly dropped and dried at 60 ◦C. The structure of the produced Ag-NPs was
examined using XRD-Empyrean (PANanalytical, Malvern, UK).

The TEM sample was prepared by dropping the Ag-NPs on the surface of a carbon-
coated copper grid. This technique determined the morphology and size of the nanoparti-
cles. The dried sample was scanned using a JEM-2100F transmission electron microscope
(JEOL, Akishima, Japan).

The stability of A-NP/PL was determined by measuring the zeta potential using
a particle analyzer (Nano-Plus Zeta Sizer, Tokyo, Japan). The instrument was attached
to a He-Ne laser lamp (0.4 mW) at a wavelength of 633 nm. Measurements were per-
formed at 25 ◦C in an insulated chamber with 10 runs for each measurement. Prior to the
measurement, the colloidal suspension was sonicated for 10 min.

The microbial activity assay of the biofilm embedded with Ag-NP/PL against Gram-
positive Staphylococcus aureus was carried out using the culture medium toxicity method.
The biofilm sample with a dimension of 1 cm × 1 cm was placed on the surface of an agar
plate and seeded with 100 μL of test culture consisting of microorganisms. Petri dish covers
were sealed by wax to avoid any type of contamination. The Petri dish was incubated for
24 h, and the microbial growth was followed by visual observation. Natrium Agar (NA)
was used as a medium with a temperature of 37 ◦C. The clear zone that formed around
the film sample in the medium was recorded as an indication of inhibition against the
microbial species.

3. Results and Discussion

3.1. Synthesis and Characterization of Silver Nanoparticles from Pullulan

The formation of Ag-NPs by reducing silver ions to silver metal species was achieved
in the presence of aqueous solutions of pullulan or oxidized pullulan at room temperature
over a period of 2 h with different gamma radiation doses. This process was monitored
closely using UV–Vis spectroscopy. From the prepared samples, it can be seen that a differ-
ent color intensity was observed depending on the gamma ray dosage, as shown in Figure 2.
Ag-NP/PL suspensions without γ-rays (A0) showed a light brown solution and exhibited
no Ag+ ion formation. As the γ-rays increased (A1–A6 with 5–50 kGy, respectively), the
suspension marked a dark brown solution. It should be noted that the pullulan solution
is transparent without color. The solution of Ag-NP/PL changed from a pale yellow to
a dark brown solution after the gamma irradiation process was adopted.
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Figure 2. Photograph of Ag-NP/PL at different different γ-irradiation doses: 0, 5, 10, 15, 20, 25, and
50 kGy (A0–A6).

3.2. Formation Mechanism of Silver Nanoparticles

In general, the radiolysis process involves producing a large number of homogenously
distributed hydrated radicals [21,30–33]. Hydrated electrons and primary radicals and
molecules appeared when the AgNO3/PL aqueous suspensions were exposed to γ-rays,
as shown in Equation (1). Ag+ and NO−

3 were created during the separation reaction
of the AgNO3 aqueous solution, as described in Equation (2). It is known that the e−aq
and H atoms are vital reducing agents; thus, they can be effectively reduced to the zero-
valent state (Equations (3) and (4)) [34]. Larger clusters of silver atoms (Equation (6)) were
produced due to the coalescence of silver atoms created during the irradiation process.
Then, a stabilized Ag cluster was formed after the aqueous electrons reacted with the
Ag+ groups (Equation (7)) [35,36]. Finally, a large number of aqueous electrons (e−aq) were
provided after γ-irradiation, resulting in silver ions being reduced to Ag-NPs (Equation
(8)). In addition, the incorporation of pullulan also created more hydrated electrons (OH-).
The hydrated electrons can reduce all silver ions to silver atoms, ending up as a nucleus for
the successively formed atoms. The proposed mechanism of the formation of the silver
nanoparticles is illustrated in the graphic in Figure 3.

The pullulan matrix is expected to better interact with the nanoparticles by prevent-
ing particle agglomeration between molecules [1,37]. As shown in Figure 3, the silver
nanoparticles were coated with pullulan, indicative of interaction between multiple hy-
droxyl groups brought by pullulan. These, in turn, will arrange the silver by encapsulating
the nanoparticles to form stable colloidal suspensions.

H2O
γ−Ray→ e−aq + H + OH + H3O+ + H2 + H2O2 + . . . (1)

AgNO3
yields→ Ag+ + NO−

3 (2)

Ag+ + e−aq
reduction→ Ago (3)

Ag+ + H reduction→ Ag0 + H+ (4)

Ag0 + Ag+ → Ag+
2 (5)

nAg+ + Ag+
2 → (Ag)+n (6)

(Ag)+n + neaq → (Ag)n (7)
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(Ag)n
γ−Ray→ (Ag)+n + ne−aq (8)

 

Figure 3. Proposed schematic mechanism of the synthesis and growth of silver nanoparticles
on pullulan.

3.3. UV–Vis Analysis

UV–Vis analysis is a top screening analysis in confirming the formation and strength
of silver nanoparticles. In this study, the appearance of Ag-NPs with different gamma
radiation doses was monitored using UV–Vis spectroscopy. Figure 4 shows the UV–Vis
absorption spectra of Ag-NP/PL at different gamma ray doses. The figures show that
the highest-intensity absorption spectra exhibited a similar pattern for all radiation doses,
known as surface plasmon resonance (SPR), at 410–420 nm. This result reveals that Ag-
NP/PL prepared at 50 kGy, 25 kGy, 20 kGy, 15 kGy, 10 kGy, and 5 kGy produced absorption
spectra with sharp peaks (surface plasmon resonance, SPR) at 410–420 nm. On the other
hand, in Ag-NP/PL prepared without gamma radiation, the SPR peaks did not appear at
420 nm, indicating that no Ag-NPs were produced.

At a higher intensity, the gamma radiation provided a more spherical shape with
a smaller size of produced NPs. For instance, at 50 kGy, the absorbance peak was at
0.9 compared that at 25 kGy, which was at 0.4. It can be depicted that the highest ab-
sorbance reflects a highly uniform particle size [38]. For reference, Ag-NP/PL was also
prepared without the gamma radiation method. There was no absorption peak recorded at
420 nm, implying that Ag-NPs were not successfully produced. Despite this, the UV–Vis
analysis also revealed that the shape and size of nanoparticles, which are dependent on the
wavelength of absorption in the UV spectrum, were indicatively affected by the plasmon
resonance. As shown in Figure 4, the spectra of silver nanoparticles are consistent with the
spherical shape of different size Ag-NPs, which can later be proved in TEM analysis [39].
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Figure 4. UV–Vis spectrum of Ag-NP/PL prepared at 0, 5, 10, 15, 20, 25, and 50 kGy gamma doses.

3.4. XRD Analysis

In order to further investigate the reaction mechanism that occurred during the
synthesis, XRD analysis was carried out to determine the purity and crystallinity of Ag-
NP/PL, as presented in Figure 4. It is known that pullulan (PL) exists in an amorphous
state [40]. The incorporation of Ag-NPs and irradiation techniques was previously shown
to transform the solution to exhibit crystallization characteristics [41]. Four (4) diffraction
peaks can confirm the purity of the silver formation at 2θ of 38.54◦, 44.91◦, 65.04◦, and
78.11◦, corresponding to the (111), (200), (220), and (311) planes of the face-centered cubic
(FCC) structure [42]. These four notable diffraction peaks are in good agreement with the
theoretical standard figures (JCPDS file no. 01-087-0718) [42]. The formulation samples of
A1–A6 in Figure 4 indicate that only silver metal is present in their crystalline phase without
any significant traces of other substances. In addition, the occurrence of a nanosized particle
of Ag-NP/PL promotes the considerable traces of silver formation in the XRD pattern
peaks, as shown in A6 of Figure 5.
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Figure 5. XRD patterns of Ag-NP/PL at different γ-irradiation doses: 0, 5, 10, 15, 20, 25, and 50 kGy
(A0–A6).

3.5. TEM Analysis

Transmission electron microscopy (TEM) imaging was conducted to evaluate the
morphology and particle size distribution of Ag-NPs. The TEM micrograph clearly reveals
that the silver nanoparticles were well dispersed in the pullulan matrix, as shown in
Figures 6–9, and this result is in line with that of previous studies [14]. In addition, the
Ag-NPs were also segregated evenly with almost no agglomeration. Spherical and oval
shapes were also observed in the TEM images [43]. Studies by Yoksan and Chirachancai
(2010) showed that the particle size distribution (mean diameter and standard deviation)
was drastically decreased to 3.98 ± 1.356 nm at 50 kGy doses, indicating an even Ag-NP
segregation process [44]. As mentioned previously, in UV–Vis analysis, it can be stated
that the γ-rays reduce the particle size distribution during the irradiation process. This
condition confirms that the formation of the particle size distribution (mean diameter of
particles) depends on the γ-ray doses. For low and medium γ-ray doses, i.e., 5, 10, and
25 kGy, the mean diameter and standard deviation of Ag-NPs were noted as 40.97 ± 31.64,
18.52 ± 13.906, 9.84 ± 3.595 nm, and 3.98 ± 1.356, respectively.

The combination of nanostructures at different sizes leads to the broadness of the
size distribution peaks, as shown in Figures 6–9, which proves that the particles at high
γ-doses were highly uniform and homogenous. In addition, 50 kGy γ-ray doses offer
a more acceptable size (finer) of silver nanoparticles, indicating that hydrated radicals
(ē aq) are entirely produced; thus, this promotes the reduction of silver ions to silver
atoms [30]. Moreover, the Ag-NPs had a narrow size distribution, implying that they were
very uniform at 50 kGy (Figure 9). These results also reveal that as the gamma irradiation
dosages were increased, the intermediate structure of the pullulan suspension significantly
enhanced the interactions of (e−aq) electrons within the dissolved molecules, leading to an
increased yield of nanoparticles. It is also found that pullulan also functions as a stabilizer
during the synthesis of silver nanoparticles and as a capping agent by providing the
template in the radiolysis process.
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Figure 6. TEM image and corresponding particle size distribution of Ag-NP/PL at 5 kGy.
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Figure 7. TEM image and corresponding particle size distribution of Ag-NP/PL at 10 kGy.
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Figure 8. TEM image and corresponding particle size distribution of Ag-NP/PL at 25 kGy.
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Figure 9. TEM image and corresponding particle size distribution of Ag-NP/PL at 50 kGy.

3.6. Antimicrobial Activity of Ag-NP/PL

It is vital to understand the stability of nanoparticles in aqueous solutions because the
zeta potential is an indicator of the surface charge potential, which is a critical characteristic.
The zeta potentials of Ag-NP/PL were found to be −72.05 ± 0.93 mV, as shown in Figure 10.
It has been claimed that the generated nanoparticles have a negative charge on their
surfaces. Having a positive or negative charge on the surface of nanoparticles makes them
more stable and prevents them from aggregating together by pushing the same charges in
the same direction [45]. Previous studies have confirmed that Ag-NPs can be considered
stable if the zeta potential values are more than +30 mV or lower than −30 mV [45,46]. The
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zeta potential values recorded imply that the formation of Ag-NPs at the level of molecule
activity led to stable forms of the nanoparticle solutions.

Figure 10. Zeta potential measurements for Ag-NP/PL at 50 kGy.

3.7. Antimicrobial Activity of Ag-NP/PL

The antimicrobial activity assay of the Ag-NP/pullulan biofilms against Gram-positive
Staphylococcus aureus (S.aureus) was carried out by the culture medium toxicity method [47].
Typical broth and agar were used as media to grow the bacteria. The activity was evaluated
after 24 h of incubation at 37 ◦C. The contact areas of all irradiation sample (0, 10, 25, and
50 kGy) biofilms were transparent, indicating inhibition of bacterial growth. The clear zone
was prominent, as shown in Figure 11. At higher irradiation doses (50 kGy), the clear zone
diameter was higher (16 mm) compared to that of the 25 kGy (12 mm) γ-doses.

 

Figure 11. Photograph of antimicrobial test results against Staphylococcus aureus—After exposure
to microbes.
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The transparent zone was translated to the average diameter zone, which is tabulated
in Table 1. Although the clear site was seen surrounding the biofilm embedded with
Ag-NP/PL for both γ-ray doses, the microbe resistance was less effective for lower gamma
rays. In short, the biofilm embedded with silver nanoparticles exhibited inhibitory activity
against S.aureus. This antibacterial characteristic is expected to be created by the silver
nanoparticles, which rupture the bacteria cell wall membrane. Disruption of the bacteria
cell membrane instantly disturbs the respiration of the microbes, thus stopping the activity
of the bacteria [48]. The outcomes of this analysis indicate that Ag-NP/PL embedded in
the biofilm has good potential for antimicrobial food packaging applications.

Table 1. Average diameter of inhibition zone.

Sample Average Diameter of Inhibition Zone (mm)

0 kGy 0 ± 0
10 kGy 10 ± 1.65
25 kGy 11 ± 2.34
50 kGy 13 ± 2.01

The antibacterial activity of Ag-NP/PL was primarily affected by the silver ions (Ag+)
that Ag-NPs released. As shown in Table 1, the higher the γ-ray doses, the better the
antibacterial activity of the produced Ag-NPs. The release of more Ag+ is influenced by
the size of the particles [7]. In short, the smaller the particle size of Ag-NPs, the more
they release Ag+ due to the high surface area of Ag-NPs [49]. The antibacterial properties
of Ag-NP/PL act by attachment of Ag-NP/PL on the cell membrane wall, leading to
its rupture. Thus, Ag+ is discharged inside the cell, which retards the cell’s respiratory
system by inducing the production of reactive oxygen species (ROS). An illustration of
the mechanism of antibacterial activity that takes place with the aid of Ag+ is shown in
Figure 12. The stress placed on the cell wall membrane affected by the increase in ROS
production is an effective mechanism of Ag-NP-induced silver ions. A previous study also
revealed that the permeation of silver ions into bacterial cells changes DNA molecules into
a condensed form and prevents the ability of the cells to replicate [50]. Moreover, bacterial
sterilization is also caused by the silver ions due to the reaction with proteins, which leads
to the direct binding with the sulfhydryl group (-SH) and causes the loss of activity of
multiple enzymes [51].

Figure 12. Antibacterial mechanism of Ag-NPs.

4. Conclusions

Pullulan-capped silver nanoparticles were successfully synthesized using the gamma
irradiation technique. Stable Ag-NP/PL nanocomposites with an average size of 3.98 nm
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were prepared without any reducing agent. UV–visible spectroscopy confirmed the for-
mation of silver nanoparticles by detecting a plasmonic band at 410–420 nm. The XRD
pattern showed that the crystalline structure of the Ag-NPs for all samples was fcc. TEM
imaging ascertained that the Ag-NPs were well dispersed in the pullulan matrix, with the
particle diameter of the Ag-NPs gradually decreasing after higher doses at 50 kGy due to
the γ-induced fragmentation in Ag-NPs. The zeta potential of Ag-NP/PL was negatively
charged, and it was found to be a stable and good dispersion in a colloidal suspension.
The biofilm embedded with Ag-NP/PL was found to have antibacterial activity against
Staphylococcus aureus. In summary, pullulan-capped silver nanoparticles can be applied in
a wide range of applications, particularly in antimicrobial biofilm packaging.
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Abstract: D-penicillamine (PA) is a sulfur group-containing drug prescribed for various health
issues, but overdoses have adverse effects. Therefore, regular, selective, and sensitive sensing
is essential to reduce the need for further treatment. In this study, diphenylamine (DPA) was
electropolymerized in an aqueous acidic medium. The PA detection sensitivity, selectivity, and limit
of detection were enhanced by electropolymerizing DPA on an electrochemically reduced graphene
oxide (ERGO)/glassy carbon (GC) surface. The formation of p-DPA and ERGO was investigated
using various techniques. The as-prepared p-DPA@ERGO/GC revealed the excellent redox-active
(N–C to N=C) sites of p-DPA. The p-DPA@ERGO/GC electrode exhibited excellent electrochemical
sensing ability towards PA determination because of the presence of the –NH–functional moiety and
effective interactions with the –SH group of PA. The p-DPA@ERGO/GC exhibited a high surface
coverage of 9.23 × 10−12 mol cm−2. The polymer-modified p-DPA@ERGO/GC electrode revealed
the amperometric determination of PA concentration from the 1.4 to 541 μM wide range and the
detection limit of 0.10 μM. The real-time feasibility of the developed p-DPA@ERGO/GC electrode
was tested with a realistic PA finding in human blood serum samples and yielded a good recovery of
97.5–101.0%, confirming the potential suitability in bio-clinical applications.

Keywords: polydiphenylamine; electrochemically reduced graphene oxide; D-penicillamine;
electropolymerization; cyclic voltammetry

1. Introduction

Carbon and its composites, such as carbon nanotubes/graphene, with metal nanopar-
ticles, organic dies, and conducting polymer-based electrode materials, have been studied
extensively for various analyte determinations. Carbon and its composite electrode materi-
als showed a low limit of detection (LOD) and high sensitivity and selectivity toward the
target analyte sensor [1]. Graphene-based electrode materials exhibit excellent electrochem-
ical properties for batteries, supercapacitors, fuel cells, and electrochemical sensor applica-
tions [2]. Graphene has high conductivity and a theoretical surface area of 2630 m2 g−1, with
low intrinsic mass, excellent mechanical strength, and rapid charge transport through π–
electron conjugation. The reduced graphene oxide-based nanocomposites and hybrids are
attractive for electrode modification [3]. Several studies have evaluated electrochemically re-
duced graphene oxide (ERGO)-coated electrodes for diverse applications. ERGO-modified
electrodes retained some unreduced oxygen functional groups that require further surface
modification, such as metal nanoparticles, metal oxides, metal sulfides, and polymers,
offering excellent electrochemical performance [4–6]. ERGO with conducting polymers
have high sensing ability because of its active redox center, rapid electron transfer rate,
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and high specific surface area, making them desirable for selective sensing [7]. Reduced
graphene oxide surface electropolymerized with polyaniline, polypyrrole, polydopamine,
polydiphenylamine (p-DPA), and polyortho-phenylenediamine revealed extraordinary
electrochemical performance [7–11]. Among the above polymers, N,N-diphenylamine
((Figure 1), DPA)-based polymer and its composites have attracted considerable attention
owing to their outstanding electrochemical redox couple activity. Obrezkov et al. used
polydiphenylamine (p-DPA) as an organic cathode material for lithium and potassium-ion
(dual) batteries and reported a high energy density [12]. Muthusankar et al. synthesized
p-DPA with a phosphotungstic acid/graphene composite electrode electrochemically and
achieved excellent selectivity towards a urea sensor [13]. Suganandam et al. synthesized
a p-DPA/platinum/indium tin oxide electrode for use as an iron (III) ion sensor using
spectroelectrochemical and electrochemical methods [14]. These studies emphasized that
p-DPA is an auspicious electrode material for energy storage and sensor applications.

Penicillamine (PA, Cuprimine), called 2-amino-3-mercapto-3-methylbutanoic acid, is a
physiological sulfur (–SH) containing amino acid (R–CH(NH2)COOH) in the amino-thiols
family. PA exists in the L and D enantiomeric forms. L-Penicillamine is an extensive toxin
that inhibits the role of pyridoxine in the body and leads to certain metabolic disorders. On
the other hand, D-penicillamine (PA) is used as a therapeutic agent prescribed for treating
rheumatoid arthritis, heavy metal poisoning cystinuria, liver disease, and Wilson’s disease
(Figure 1) [15,16]. PA is taken directly by active rheumatoid arthritis patients in the form of
an oral tablet and capsule to reduce joint pain, collagen cross-linkage, and swelling. In daily
life, PA is injected at several grams per day, but only 50% of PA is consumed by the human
system, which increases the PA concentration in the blood and urine [17]. An overdose of
PA in human fluids may cause severe health issues, such as rashes or itchy skin, loss of
taste, loss of appetite, nausea, dysentery, and serious kidney problems [18–20]. Despite the
biological importance, the unwanted health impact of PA in pharmaceutical and biological
samples needs to be determined [21].

Therefore, the researchers focused on developing simple, reliable, real-time, and ac-
curate PA determination methods [22]. Several methods are available for PA detection,
such as colorimetry [23], nuclear magnetic resonance [24], high performance liquid chro-
matography [25], and gas chromatography [26]. Among these methods, electrochemical
methods have attracted considerable attention because of the rapid response, easy sample
preparation, and no need for trained staff to operate the electrochemical device. Although
the electroanalytical technique revealed user-friendly and excellent performance, it still has
issues, such as narrow concentration range, high LOD, and low selectivity and electrode
sensitivity. The major issue of PA determination is that the operating potential of coex-
isting interfering species, such as L-cysteine, uric acid, dopamine, ascorbic acid, leucine,
and glucose, are close to the target analyte [27,28]. Chemically modified electrodes have
resolved these problems, owing to their high conductivity, sensitivity, selectivity, rapid
electron transfer rate, and low operating potential with negligible surface fouling. Modified
electrodes have been designed based on nanocomposite [29], nanohybrids [30], conducting
polymer [31], and metal nanoparticles [32] and applied to PA sensing in pharmaceutical
and biological samples.

This paper reports the electrochemical formation of p-DPA on an ERGO/glassy carbon
(GC) surface for use as an electrochemical PA sensor. The formation mechanism of the
p-DPA@ERGO/GC surface involved oxidative polymerization of DPA monomer through a
4,4 coupling reaction in an aqueous acidic medium. The p-DPA@ERGO/GC electrode was
used innovatively for PA determination using voltammetry and amperometric techniques.
Finally, the proposed sensor examined PA in the biological human serum samples.
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Figure 1. Chemical structure of (a) N,N-Diphenylamine; (b) D-Penicillamine; and (c) Poly(diphenylamine).

2. Experimental

2.1. Materials

Diphenylamine and D-penicillamine were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Type 1 GC plate (1 mm thickness), graphite, disodium hydrogen phosphate (Na2HPO4),
monosodium hydrogen phosphate (NaH2PO4), potassium ferrocyanide (K4[Fe(CN)6], and
potassium ferricyanide (K3[Fe(CN)6)] were obtained from Alfa Aesar (Shanghai, China).
Potassium permanganate (KMnO4) and sodium nitrate (NaNO3) were obtained from SRL
(Mumbai, India). All other regents and chemicals were of analytical grade and used as
received. Deionized (DI) water was used in all solution preparations in this study. The
phosphate buffer solution (PBS) pH 7.2 was prepared by mixing 0.1 M Na2HPO4 and
NaH2PO4, which is used as a supporting electrolyte for PA detection.

2.2. Graphene Oxide Preparation

Graphene oxide was synthesized using a resemble procedure defined in former
work [33]. The graphite (1 g) and NaNO3 (1.5 g) were placed into a one-liter beaker
containing 150 mL of H2SO4 with magnetic stirring. Subsequently, 3 g KMnO4 was trans-
ferred carefully to the acid suspension at a reaction temperature of 5 ◦C. After KMnO4
addition, the reaction temperature was increased to 90 ◦C and held at that temperature
for one hour, resulting in a light brownish color product. The product was diluted slowly
with 300 mL of H2O and stirred for another two hours. Subsequently, 30 mL of 5% H2O2
were added to the above suspension, which turned brown. The product was washed with
deionized water until the filtrate water was pH 7.0. The final product was freeze-dried.

2.3. p-DPA@ERGO/GC Electrode Assembly

Scheme 1 presents the comprehensive electrode coating steps. Before the GO coating
on GC, the electrode was polished with 1.0, 0.3, and 0.05-micron alpha alumina powders
and swept away thoroughly with DI water. The electrode probe was then exposed to an
electrochemical activation process by successive CV cycling (10 cycles) in a 0.1 M H2SO4
electrolyte in the potential window from −0.2 V to 1.0 V [34,35]. The cleaned GC electrode
was used for surface modification. The as-prepared GO (5 mg) was dispersed in 5 mL of
ethanol in a 5% NafionTM solution with ultrasonication for 20 min to acquire a homogenous
suspension. Subsequently, 10 μL of the GO suspension spread onto a clean GC surface and
dried at room temperature. The GO/GC coated electrode was subjected to electrochemical
reduction in PBS (0.2 M, pH 7.2) by CV cycling over the potential range of 0.0 V to −1.5 V
with fifteen sweeps to achieve the ERGO/GC. The ERGO/GC electrode underwent elec-
tropolymerization of DPA by cycling between the potential window of −0.4 V to +1.3 V
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in the presence of 1 mM DPA in 0.1 M H2SO4 supporting electrolyte, which yielded the
p-DPA@ERGO/GC [36]. Similarly, the p-DPA@GC electrode was obtained using the same
procedure on the GC surface. Similar to the above method, p-DPA@GC, ERGO/GC, and p-
DPA@ERGO/GC electrodes were prepared on the GC-plate surface for X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, and surface microstructure studies.

 

Scheme 1. Stepwise p-DPA@ERGO/GC electrode preparation.

2.4. Instrumentation and Analytical Procedure

The surface morphology of the as-prepared GO, ERGO, and polymer film was charac-
terized by field-emission scanning electron microscopy (FESEM, S-4800, Hitachi, Tokyo,
Japan). The Raman spectra (Horiba, XploRA PLUS, Kyoto, Japan) were obtained using an
operating laser wavelength of 532 nm. The formation of GO and ERGO was investigated by
X-ray diffraction (XRD, PANalytical, X’Pert-PRO MPD, PANalytical, Almelo, The Nether-
lands) using Cu K α1 radiation (1.5406 Å). The elemental composition of the as-prepared
sample was examined XPS (Thermo Scientific, Boston, MA, USA). All the electrode fabrica-
tion and PA sensor experiments (electrochemical) were performed using a PGSTAT302N
electrochemical (AUTOLAB, Utrecht, The Netherlands) workstation. A 25 mL volume
electrochemical cell in a three-electrode system was used for all electrochemical tests. A
glassy carbon (geometry of 0.0707 cm2) electrode was used as the working electrode. The
saturated (KCl) calomel electrode (SCE) was used as a reference electrochemical potential.
A high surface geometrical area of Pt wire was used as the counter electrode. The 0.1 M
PBS (pH 7.2) solution was used as a supporting electrolyte for PA determination, except for
the p-DPA polymerization. A suitable volume of PA stock (0.01 M) solution was transferred
to a 25 mL volume of an electrochemical cell (0.1 M PBS) in this solution immersed in
three electrodes to evaluate the electrochemical results. The amperometry experiment was
conducted at a constant potential of +0.62 V. In the case of cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) of the PA, electrochemical detection was measured
over the potential of −0.20 V to +0.90 V range (0.1 M PBS).

2.5. Real Sample Analysis Procedure

A suitable standard aqueous PA solution was transferred to the 5% diluted human
serum sample (Human serum received from Sigma-Aldrich, human male AB plasma,
USA origin, sterile-filtered). The PA was determined using the standard addition method
according to the amperometry technique. The PA concentration of the standard sample
was yielded by extrapolating the respective standard calibration plot on the x-axis.
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3. Results and Discussion

3.1. ERGO/GC and p-DPA@ERGO/GC Electrochemical Studies

Figure 2A displays the CV trace of the GO/GC electrochemical reduction process in
the potential of 0.0 V to −1.50 V at a sweep rate of 50 mV s−1 in 0.2 M PBS (pH 7.2). The
first cycle of the voltammogram showed a broad cathodic peak from −0.8 to −1.5 V. This
cathodic peak corresponds to the epoxy, carbonyl, and hydroxyl group reduction [9]. The
electrochemical reduction of GO to ERGO occurred by adding a proton from the supporting
electrolyte and an electron from the electrode. The possible hydroxyl-group-reduction
mechanism is given in Equation (1) [37,38]:

GO-OH + xH+ + ye− → ERGO + zH2O (1)

In the subsequent cycles, the cathodic peak current was decreased gradually by
increasing the cycle numbers, which described the removal of carbonyl, hydroxyl, and
epoxy functional groups, resulting in restored sp2 carbon [37,38]. After 10 CV cycles, the
GO/GC electrode reduction peak current reached stability, which ensures that the GO was
transferred electrochemically as ERGO on the GC surface and appeared as a black color.

Figure 2. (A) GO electrochemical reduction CV curve trace in 0.2 M PBS (pH 7.2) at a sweep rate of
50 mV s−1; (B) electropolymerization of DPA on ERGO/GC in a 0.1 M H2SO4 contains 1 mM DPA
monomer at a 50 mV s−1 scan rate.

Figure 2B displayed a CV trace of DPA electropolymerization on the ERGO/GC
electrode surface. The CV trace of 10 cycles was performed in the potential window from
−0.40 V to +1.30 V in 1 mM DPA monomer with 0.1 M H2SO4 supporting electrolytes.
In the first CV cycle, a broad anodic peak (Epa1) appeared at +0.55 V, corresponding to
the positively charged nitrogen species of radical cation formation, followed by radical
rearrangement [36]. These monomer radicals transform, dimerize, and join to form the
p-DPA polymer (Figure 3). The polymer chain propagation occurred at the para site, such
as the benzidine-type radical cation. In the reverse scan, cathodic peaks at +0.26 V to +0.4 V
were observed, which correspond to the reduction of the dimeric and oligomeric products
by electron/protonation. In the second cycle, the CV trace exhibited peaks at +0.32 V and
+0.42 V ascribed to p-DPA oxidation and DPA monomer further deposition/conversion as a
cation radical to oligomer on the ERGO/GC surface [36]. During the third and subsequent
cycles, the anodic peak at +0.32/+0.23, with progressive increases in the peak current,
suggests that the dimers undergo electrochemical oxidative polymerization resulting in the
continued growth of p-DPA films on the ERGO/GC electrode surface. After eight cycles,
the anodic (Epa2) and cathodic (Epc2) redox peak currents are stabilized, which confirmed

233



Polymers 2023, 15, 577

the stable p-DPA@ERGO/GC film formation. Figure 3 shows the DPA electrochemical
polymerization mechanism based on the CV trace result.

Figure 3. DPA stepwise electropolymerization reaction mechanism.

3.2. Structural and Surface Morphological Study

The chemical functional and surface properties of the GO and ERGO were charac-
terized by Raman spectroscopy, as shown in Figure 4(Aa,Ab). The Raman spectrum of
as-produced GO exhibited two intense peaks at 1355 cm−1 and 1606 cm−1 were attributed
to the D and G bands of phonons A1g (K-points) and E2g symmetry carbon of graphene
oxide [7]. The D and G bands confirmed the chemically oxidized form of the graphene
basal plane and edge defects. The D band of ERGO showed nearly the same intensity with
the GO due to the increased defect level. This shows that the sp2 domains and edge defects
confirm the electrochemical reduction of GO [39]. The calculated ID/IG ratios of GO and
ERGO were 0.84 and 0.92, respectively, highlighting the significant reduction that occurred
from GO to ERGO. The gained ID/IG value was used to calculate the average crystallite (La)
size using Equation (2) [40]:

La(nm) =
(

2.4 × 10−10
)

λ4
l (

ID
IG

)
−1

(2)

where La is the average crystallite size (nm), and λ is the laser wavelength (532 nm) applied
in the Raman spectroscopy. The calculated average crystallite size of a GO and ERGO were
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22.80 and 20.80 nm, respectively. The decreasing crystallite size of GO to ERGO indicated
the successful reduction of oxygen functional groups.

Figure 4. (A) Raman spectra of (a) GO and (b) ERGO; (B–D) FESEM of GO (B), ERGO (C),
and p-DPA@ERGO (D); (E) high magnification image of p-DPA@ERGO.

FESEM was performed to understand the surface structure of the as-prepared GO/GC,
ERGO/GC, and p-DPA@ERGO/GC film-coated electrodes (Figure 4B–E). The as-prepared
GO showed a crumpled/wrinkled surface structure in Figure 4B, indicating the well-
exfoliated graphene oxide layers. Figure 4C shows the oxygen functional groups removed
ERGO, which revealed more crumpled/wrinkled-like surface morphology with substantial
swelling. This might be due to the cathodic reduction of GO leading to the increased
electrochemical active surface area or hydrogenation. The ERGO surface revealed the
irregular bulk p-DPA particles, as shown in (Figure 4D,E). The amino (C-NH-C) functional
group of p-DPA interacts with negatively charged (unreduced oxygen functional moiety
on ERGO) groups, and the monomer aromatic π–π stacking interface is responsible for the
p-DPA on the ERGO surface (Figure 5D). The high-magnified p-DPA@ERGO/GC surface
morphology revealed an irregular polymer bulk particle-like structure.
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Figure 5. (A) XPS survey spectrum of (a) GO, (b) ERGO, and (c) p-DPA@ERGO; (B,E) GO C 1s and O
1s; (C,F) ERGO C 1s and O 1s; (D,G) p-DPA@ERGO/GC C 1s and O 1s region spectra.

3.3. XRD and XPS Analysis

Figure S1(Aa,Ab) (see Supplementary Materials) presents XRD patterns of the GO
and ERGO on the FTO-coated electrode. The GO XRD peak appeared at 11.8◦ 2θ (001),
indicating the 0.75 nm layer space of graphene sheets [41]. This might be because water
and oxygen functional groups are dispersed within the oxidized graphene layers. After
electrochemical reduction, the low angle peak diminished, and a broad shoulder peak
appeared at 22◦ 2θ (002) explored the GO reduction, which is the removal of oxygen
functional groups. The XPS spectra provide information on the sample surface elements.
Figure 5(Aa–Ac) presents the GC plate surface-coated GO, ERGO, and p-DPA@ERGO
samples’ survey spectra investigated results. The GO and ERGO survey traces revealed
C 1s, O 1s, and F 1s peaks (source from Nafion binder). By contrast, p-DPA showed an
additional N 1s peak indicating that the DPA polymerized product was on the ERGO sur-
face. The carbon/oxygen ratio increased from GO (0.5) to ERGO (0.88), and p-DPA@ERGO
(1.0) emphasized the oxygen functional group reduction through an electrochemical ap-
proach. The comprehensive understanding of functional group changes on GO, ERGO,
and p-DPA@ERGO elements, the C 1s, O 1s, and N 1s, the region was deconvoluted in
Figures 5B–G and S1B. The high-resolution C 1s peak of GO and ERGO was fitted to the
four envelopes: C–C, C–O–C/C–OH, C=O, and COOH, respectively (Figure 5B,C) [41,42].
The area under the envelope of oxygen functional groups decreased significantly, indicating
the effective GO reduction (Table S1, see Supplementary Materials). Similarly, the ERGO
O 1s peak area was lower than GO. Here, some of the –OH groups on the ERGO surface
exploit the DPA monomer amine electrostatic interaction, leading to the facile microenvi-
ronment for polymer entrapment. In addition, p-DPA@ERGO revealed N 1s, indicating
that the p-DPA polymer was successfully coated on the ERGO surface. The N 1s region is
divided into two envelopes, such as imine (–N=) and amine (N–H) groups (Figure S1B, see
Supplementary Materials). Table S1 (see Supplementary Materials) lists the peak positions,
elements assignments, and area of the envelopes of the elements.

3.4. p-DPA@ERGO/GC Electrochemical Studies

The scan rate effects were examined from 5 to 500 mV s−1 in the 0.1 M H2SO4 sup-
porting electrolyte to understand the electrochemical properties of the p-DPA@ERGO/GC-
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coated electrode (Figure 6A). CV traces of p-DPA@ERGO/GC showed well-defined anodic
and cathodic peaks, corresponding to the conversion of p-DPA and N,N-diphenylbenzidine
protonation of the N atom in the polymer backbone [36]. The anodic/cathodic peak cur-
rents increased with increasing scan rate. As the sweep rate was increased, the anodic
and cathodic peak potentials moved toward the positive and negative sides, respectively.
Figure 6B presents a plot of anodic/cathodic peak current versus sweep rate, showing
that the peak current increased as the scan rate was increased. This indicates the rapid
electron transfer kinetics of the p-DPA film. The surface coverage (τ) of the as-prepared
polymer film (p-DPA@ERGO/GC)-coated electrode was calculated from the CV curve
using Equation (3) [43]:

τ =
Q

nFA
(3)

where Q is a surface charge (C) obtained by integrating the CV area beneath the trace; n is
the total number of electrons consumed in the present redox process (n = 2 in the p-DPA
redox couple); A is the electrochemical surface area (p-DPA@ERGO/GC scan rate effect
performed in the potassium ferrocynide solution (1 mM, in and 0.1 M KCl), using the
I versus υ1/2 plot. The gained slope value substituted Randles–Sevcik equation for the
electrochemical active surface area calculation. A = 0.0812 cm2); F is the Faraday constant.
The calculated surface concentration of electroactive species on the electrode surface was
9.23 × 10−12 mol cm−2. The presence of electroactive p-DPA on the ERGO/GC surface
enhanced surface coverage might be more feasible for determining a wide range of PA
concentrations.

Electrochemical impedance spectroscopy (EIS) is a unique technique for modified
electrode analysis. Table S2 (see Supplementary Materials) lists the fitted equivalent cir-
cuit model and corresponding component values. The EIS semicircle starting point of
the high frequency on the x-axis intercept represents the electron-transfer limited pro-
cess (electrolyte resistance, Rs). The Q1 and Rth parallel loop indicate the p-DPA and
p-DPA@ERGO thin polymer materials impedance. The distance of the arch indicates the
charge transfer resistance (Rct). The linear sector occurred at the low-frequency section be-
cause of a diffusion-controlled process, which dominates the electron transfer kinetics of the
[Fe(CN)6]3−/4− probe moiety on the p-DPA@ERGO/GC electrode interface [44]. Figure 6C
shows the typical Nyquist plots of bare GC, p-DPA@GC, and p-DPA@ERGO/GC electrodes
in [Fe(CN)6]3−/4− (5 mM) with 0.1 M KCl medium. The bare GC and p-DPA@GC electrode
revealed Rct of 156 Ω and 2790 Ω. The p-DPA@GC shows high Rct than the bare GC, which
designates p-DPA alone sluggish electron transfer rate. In contrast, the p-DPA@ERGO/GC
electrode revealed the Rct of 1158 Ω, suggesting effective contact between ERGO and
p-DPA. The combination of ERGO and p-DPA acts as an excellent charge transfer material
that allows the rapid acceleration of electrons on the [Fe(CN)6]3−/4− redox probe with a
p-DPA@ERGO/GC composite electrode.

Figure 6D shows a CV trace of bare GC, p-DPA/GC, and p-DPA@ERGO/GC-coated
electrodes in the redox probe of [Fe(CN)6]3−/4− (5 mM). The oxidation/reduction peak
potential of the bare GC was observed at +0.29 V and +0.06 V, respectively. The p-DPA@GC-
coated electrode showed a low peak current intensity and increased potential difference
ΔEp(anodic − cathodic) = 270 mV (Epa = +0.38 V; Epc = +0.02 V) because of the slug-
gish electron transfer rate compared to the bare carbon substrate. The bulk and irregular
p-DPA growth on the GC surface leads to sluggish electron transfer. In contrast, the p-
DPA@ERGO/GC electrode showed a low anodic and cathodic peak potential difference
ΔEp = 130 mV (Epa = +0.25 V; Epc = +0.12 V), which is lower than the p-DPA/GC and bare
GC. The higher p-DPA@ERGO/GC current than p-DPA@GC indicates that composite elec-
trodes fast electron transfer ability. The lower ΔEp values of p-DPA@ERGO/GC compared
to p-DPA/GC indicated that the ERGO and polymer composite offered a high electron
transfer microenvironment.
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Figure 6. (A) CV scan rates of p-DPA@ERGO/GC in 0.1 M H2SO4 from 5 to 500 mV s−1,
(B) corresponding plot of peak current (I) versus scan rate; (C,D) electrochemical impedance spec-
troscopy and CV of (a) bare GC, (b) p-DPA/GC, and p-DPA@ERGO/GC in [Fe(CN)6]3−/4− (5 mM)
solution of 0.1 M KCl; (E) CV trace of (a) bare GC, (b) activated GC, (c) p-DPA/GC, and (d) ERGO/GC,
and (e) p-DPA@ERGO/GC-modified electrodes in the absence of analyte and a′, b′, c′, d′, and e′

in the presence of 1 mM PA with 0.1 M PBS at a 50 mV s−1 scan rate; (F) scan rate effect of the
p-DPA@ERGO/GC electrode in PA concentration of 1 mM.

3.5. Electrochemical Behavior of D-Penicillamine on Modified Electrodes

The different modified electrodes were evaluated for the electrochemical detection
of PA. Figure 6(Ea–Ee) represents the CV response of the bare GC, activated GC, p-
DPA/GC, ERGO/GC, and p-DPA@ERGO/GC-modified electrodes absence of PA (in
a 0.1 M PBS supporting medium). The CV response of bare GC, activated GC and p-
DPA/GC electrodes offered a low background current in a PBS solution, but the ERGO/GC
electrode showed a high background current because of its high conductivity. In con-
trast, the p-DPA@ERGO/GC electrode shows well-defined polymer redox couple peaks at
+0.10/+0.05 V. The polymer redox potential difference (ΔEp) for p-DPA@ERGO a 50 mV,
which is lower than the p-DPA/GC-coated electrode (70 mV). This is because the combi-
nation of electrochemically active p-DPA and conductive ERGO forms an effective elec-
troactive platform on the p-DPA@ERGO/GC electrode surface. Figure 6(Ea′–Ee′) shows
CV in the presence of 1 mM PA with bare GC, activated GC, p-DPA/GC, ERGO/GC, and
p-DPA@ERGO/GC-modified electrodes (0.1 M PBS supporting medium). The bare GC,
activated GC, and p-DPA/GC-modified electrode showed an anodic peak at approximately
+0.65 V that was related to the oxidation of PA. The ERGO/GC had a PA oxidation peak
current of 13 μA. In contrast, the p-DPA@ERGO/GC electrode showed an enhanced anodic
peak current of 19 μA (+0.62 V), which was approximately two times higher current and
lower oxidation potential than the bare GC, activated GC, and p-DPA/GC electrode. The
PA sulfuryl (–SH) functional group and polymer nitrogen group electrostatic interaction
confers outstanding electrochemical performance. This leads to better PA mass transport
properties. Scheme 2 shows the proposed possible mechanism of PA detection on the
p-DPA@ERGO/GC electrode. Figure S2A (see Supplementary Materials) shows the differ-
ent concentrations of PA (from 50 to 500 μM) addition on the p-DPA@ERGO/GC-coated

238



Polymers 2023, 15, 577

electrode. The CV curve exhibited a gradual current increase as the PA concentration was
increased. The corresponding calibration curve of Ipa = 0.0131[PA] + 3.98 with R2 = 0.993
(Figure S2B, see Supplementary Materials). Figure 6F presents the CV traces of various
scan rate effects (5 to 200 mV s−1) of PA in 0.1 M PBS (pH 7.2) using a p-DPA@ERGO/GC
electrode. The anodic oxidation peak current increased linearly with a positive direction
potential shift as the scan rate (ν) was increased. A linear relationship existed with an
anodic peak current against the square root of sweep rate (ν)1/2 (Figure S2C, see Supple-
mentary Materials) with a correlation equation of Ipa = 2.645ν1/2+ 0.3480, with (R2 = 0.998).
Furthermore, the double logarithm plot of log ipa versus log scan rate (Figure S2D, see
Supplementary Materials) showed the following regression equation: log Ipa = 0.5148 log
(ν) − 0.3867 and an R2 value of 0.997. These results showed that the oxidation process at
the p-DPA@ERGO/GC electrode was diffusion-controlled.

Scheme 2. Possible electrochemical oxidation mechanism of PA at the p-DPA@ERGO/GC electrode.

3.6. DPV and Amperometric Detection of PA

The DPV technique was performed to investigate the sensitivity of the p-DPA@ERGO/GC-
coated electrode towards the wide concentration of PA determination ability. Figure 7A
shows the DPV of PA detection on the p-DPA@ERGO/GC electrode; the PA oxidation
peak potential was observed at +0.62 V. The modified electrode sensed PA concentrations
from 10 to 4015.5 μM. Figure 7B shows the equivalent calibration plot of the PA oxidation
current versus concentration. The two linear regression equations for the low and high
concentration ranges were Ipa = 0.0026[PA] + 5.593 with R2 = 0.985 and Ipa = 0.0011[PA] +
6.638 with R2 = 0.986, respectively. The sensitivities of low and high concentration ranges
were 0.0026 μAμM−1 and 0.0011 μAμM−1, respectively. From the calibration plot, the limit
of detection (LOD = 3s/S) was 0.30 μM. Figure 7C shows the successive 60 s interval PA
additions performed with a fixed applied potential of +0.62 V. The amperometric current
increased with every successive addition of PA with low and high concentration ranges
(1.4–541 μM). The oxidation current increased considerably over a wide range as the PA
concentration was increased, and Figure 7D shows the corresponding calibration curve.
From the calibration curve, Ipa = 0.0024[PA] + 0.0984 with R2 = 0.981. The calculated LOD of
PA on the p-DPA@ERGO/GC electrode was 0.10 μM. The linear range and low LOD values
from the present study technique were compared with the existing reports (Table 1). The
present p-DPA@ERGO/GC result emphasizes the developed electrode ability to determine
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the wide PA sensor range and low LOD ability. The obtained high sensitivity and low LOD
detection ability of the developed electrode might be useful for the bio-clinical analysis of
PA in blood serum samples.

Figure 7. (A) DPV curves of different PA concentrations (a) 10.0, (b) 60.0, (c) 108.8, (d) 205.6, (e) 393.8,
(f) 663.0, (g) 999.0, (h) 1386.7, (i) 810, (j) 2254.0, (k) 2706.5, (l) 3155.3, (m) 3593.8, and (n) 4015.5 μM;
(B) calibration plot of the PA oxidation current versus concentration (pH 7.2); (C) amperometric (i–t)
measurements for current steps upon the addition of PA from 1.4 to 541 μM on p-DPA@ERGO/GC-
modified electrode with an applied potential of +0.62 V; (D) calibration plot of the current versus
PA concentration.

Table 1. p-DPA@ERGO/GC electrode performance on PA detection compared to previous reports.

Electrode Method
Linear

Range (μM)
Limit of

Detection (μM)
Ref.

Cu2+/carbon paste electrode CV 1–1000 0.1 [45]
β-CD@Ca-sacc/MeOH/GC a DPV 100–500 0.79 [46]

CeO–ZnO/ILFCPE b DPV 0.02–25.0 0.01 [47]
KI/GC DPV 9.0–120 3.5 [48]

AuNPs/RGO c DPV 5.0–110 3.9 [49]
t-Butylcatecho/GC Amperometry 0.02–80 0.007 [50]

Quinizarine/TiO2/CPE SWV d 0.8–140 0.76 [51]
p-DPA@ERGO/GC Amperometry 1.4–541 0.10 This work

a β-cyclodextrin/self-assembled chiral skeleton; b ionic liquid/ferrocene derivative n-hexyl-3-methylimidazolium
hexafluoro phosphate; c reduced graphene oxide; d square wave voltammetry.
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3.7. Selectivity, Repeatability, Reproducibility, and Storage Stability

The selectivity of the modified electrode was evaluated using the amperometric tech-
nique by determining 125 μM PA in the presence of common coexisting bioactive molecules.
There is a two-fold high concentration of other interfering reagents, such as ascorbic acid
(AA), uric acid (UA), dopamine (DA), glucose (GLU), cysteine (CY), tyrosine (TY), and
leucine (Lu). In addition, inorganic ions of Ca2+, Na+, and K+ were assessed (Figure S3 see
Supplementary Materials). Among the foreign molecules investigated, cysteine showed
a considerable influence of approximately 7% of the current responses, which can affect
the determination of PA because cysteine has a similar chemical functional group. The
proposed p-DPA@ERGO/GC electrode exhibits good tolerance against other common in-
terfering bioactive molecules against PA determination. A repeatability test was performed
using the same electrode set of PA detection and gained calibration plot slope values rela-
tive standard deviation (RSD, n = 3) to be 3.2%. The reproducibility of the developed sensor
electrode was also studied in three replicate studies of the p-DPA@ERGO/GC-modified
electrode, which was evaluated in 1 mM PA and resulted in an RSD (n = 3) of 3.85%. In
addition, storage stability performed with a set of DPV measurements was carried with the
p-DPA@ERGO/GC electrode after 20 days stored at 5 ◦C and obtained a similar current
response for the determination of PA (RSD = 4.8). The observed selectivity, repeatability, re-
producibility, and storage stability showed that the p-DPA@ERGO/GC-modified electrode
is a potential tool for realistic PA detection.

3.8. Bio-Analytical Applications of p-DPA@ERGO/GC Electrode

The practical bio-analytical applicability of the as-prepared electrode was analyzed
using real human serum samples. The determination of PA in serum samples performed
by the standard addition method, and the obtained results are given in Figure S4A–D (see
Supplementary Materials) and Table S3 (see Supplementary Materials). The results showed
good recoveries of PA: 97.5 and 101.0%, with RSD values of 6.0 and 6.5%, respectively.
These results confirmed that the p-DPA@ERGO/GC could be applied to the real-time
analysis of PA in biological samples.

4. Conclusions

A p-DPA@ERGO/GC electrode was developed as a PA sensor. The detailed electrode
fabrication through electrochemical reduction of GO and electropolymerization dipheny-
lamine on the ERGO surface were discussed. The as-fabricated electrode was investigated
by Raman spectroscopy, FESEM, EIS, and CV. The p-DPA formation mechanism on ERGO
was given. The p-DPA@ERGO/GC-modified electrode was used for the oxidative deter-
mination of PA. The sulphuryl functional group of PA can adsorb on the electroactive
amino functional surface of the p-DPA@ERGO/GC electrode. Amperometry revealed
PA detection over a wide concentration range (1.4–541 μM), as well as high sensitivity,
selectivity, and a low detection limit (100 nM). In addition, the designed sensor electrode
was used in the real-time determination of PA in human serum samples, highlighting its
bio-clinical applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym15030577/s1. Figure S1. (A,B) CV of concentration of PA addition and calibration plot, (C)
plot of PA anodic oxidation peak current versus square root of scan rate, (D) double logarithmic plot
of peak current versus scan rate; Figure S2. Amperometric selectivity curve; Figure S3. DPV standard
addition human serum sample analysis; Figure S4. (A,C) Amperometry current response to the di-
luted human serum sample, by standard addition (R+S) method (B,D) corresponding analytical curve
of the standard addition; Table S1. XPS region deconvolution evelopes peak positions, assignment,
FWHM, and area; Table S2. The modified electrodes EIS data Randles circuit fitted values; Table S3.
D-penicillamine determination in the human serum samples using p-DPA@ERGO/GC electrode.
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