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Abstract: In order to increase their sustainability, antimicrobial renewable molecules are fundamen-
tal additions to consumer goods. Rosmarinic acid is extracted from several terrestrial plants and
represents an effective anti-microbial agent. Ulvan, extracted from algae, is an anti-microbial polysac-
charide. The present review is dedicated to discussing the sources and the extraction methodologies
for obtaining rosmarinic acid and ulvan. Moreover, the preparation of bioanosystems, integrating
the two molecules with organic or inorganic substrates, are reviewed as methodologies to increase
their effectiveness and stability. Finally, the possibility of preparing functional biomaterials and
anti-microbial final products is discussed, considering scientific literature. The performed analy-
sis indicated that the production of both molecules is not yet performed with mature industrial
technologies. Nevertheless, both molecules could potentially be used in the packaging, biomedical,
pharmaceutical, cosmetic, sanitary and personal care sectors, despite some research being required for
developing functional materials with specific properties to pave the way for many more applications.

Keywords: rosmarinic acid; ulvan; anti-microbial; anti-oxidant; sulfated polysaccharide; biomaterials;
bionanosystems; nanomaterials; bionanotechnology; biomass extraction; biobased; renewable;
sustainability; marine sources; aromatic plants; phytochemicals

1. Introduction

The necessity of using renewable sources for producing consumer goods is increasing
and more and more carbon neutral products are becoming available on the market [1], thus
avoiding unbalanced Green House Gases (GHG) emissions, generally associated at the
end-of-life management of products (for instance incineration for fossil plastics), that are
considered responsible for global warming [2].

Moreover, several renewable materials are biodegradable, and this can offer the
additional opportunity of organic recycling by composting or anaerobic digestion for the
end-of-life of such products [3]. This can be particularly advantageous in cases where
products with a short life (thus generating relevant quantities of waste) are considered.
Packaging, personal care, cosmetic and sanitary products are examples of widely diffused
items that could be gradually replaced with renewable and biodegradable materials.

In addition, many renewable materials also show a high biocompatibility, that could
facilitate their use in a wide range of applications associated with contact with body
and skin [4]. Biopolymers, in particular polysaccharides such as starch [5], cellulose [6],
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chitin/chitosan [7] and pullulan [8,9], are widely investigated because of their high bio-
compatibility with human cells. Anti-microbial properties are also highly interesting
for such consumer goods [10]. Many molecules and biomaterials from terrestrial or ma-
rine environments can be considered to formulate or modify these short-life products,
as extensively explained by Massironi et al. in their review, specifically dedicated to
polysaccharides [11]. Alves et al. [12] recently reviewed the numerous natural molecules
from the marine environment showing anti-microbial properties that could be potentially
used in cosmeceutical and nutraceutical applications because of their skin depigmentation,
UV filters, anti-inflammatory, anti-wrinkle, antiaging, skin hydrating, antiacne, as well
as antioxidant and cytoprotective properties. The authors evidenced that plant-derived
molecules have some limitations because plants generally grow slowly, and their chemical
composition varies from region to region, and from season to season. On the other hand,
marine flora and fauna can be grown rapidly in large quantities and are made cost-effective
by modern aquaculture techniques. In any case, molecules extracted from several ter-
restrial plants can be attractive, as evidenced by Faccio [13], because they are already
widely available and can be found in different plants. An important advantage is that these
molecules can often be obtained by agricultural discards or by-products [14]. As reviewed
by Casanova and Santos [15], the proper encapsulation of such small molecules can be
useful to better modulate their properties and for an easier integration of the functional
molecules in the final product.

Supramolecular chemistry, focused on interaction forces between macromolecules,
can be considered the interconnecting element between biobased renewable resources
and new materials. In fact, if it is applied to biopolymers [16] or biomolecules, it allows
specific interactions with other biopolymers, biomolecules or materials to be harnessed
for producing new engineered biobased materials. On the other hand, nanotechnology
approaches are also pivotal. In fact, nanotechnology deals with the production and use
of materials and systems by controlling matter structural features on the nanometre scale,
and it is considered the key technology of the twenty-first century. The ability to exploit
the structures, function, processes, complexes and nanosystems of biological molecules
to produce novel functional nanostructured biobased materials, highlights the rapidly
growing field of bio-nanotechnology, which is a combination between nanotechnology and
biotechnology [17]. In attempt to harness the functional potential of bioactive molecules
extracted from a biomass, interaction at nanometric levels with specific nanoscaled mate-
rials should be promoted. This strategy could allow the intermolecular forces typical of
functional biopolymers and lead to agglomeration [16], thus limiting their functional role.
In addition, their combination with other nanostructured materials can result in the prepa-
ration of stable bio-nanosystems [17] that can improve the solubility and bioavailability
of these substances, protect against environmental conditions, and enable their controlled
release and target delivery.

In the present review, two different emerging anti-microbial biobased molecules are
considered: rosmarinic acid, a molecule extractable from several plants, and ulvan, a
biopolymer extractable from algae. The former is available from terrestrial, while the latter
is from a marine biomass, hence they grant the possibility of using different abundant
biomasses as possible sources. In addition, they were selected because they were recently
found quite promising for producing nanostructured biomaterials with anti-microbial
properties [11,18,19].

Hence, to take stock of these molecules’ potential, the present review gathers and
discusses sources, extraction methods, realization of bio-nanosystems through several
techniques, application of bio-nanosystems to obtain functional materials and possible final
applications of these two active biomolecules following the general scheme of Figure 1.
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Figure 1. Scheme followed by the present review to discuss rosmarinic acid and ulvan potentialities
in bionanosystems and final biobased products.

The aim of the review is, thus, to provide information about possible sources, extrac-
tion methodologies, and potential industrial chains for supporting new studies and further
applications of promising high performance and sustainable biomaterials.

2. Molecules, Properties, and Sources
2.1. Rosmarinic Acid

The plant kingdom is the source of various phytochemicals that are used in a wide
range of applications, from food preservatives to pharmaceutical and cosmetic indus-
tries [20]. A broad class of phytochemicals are antioxidants defined as compounds that
inhibit or delay the oxidation of a target molecule [21]. Rosmarinic acid (RA) is a typical
active antioxidant constituent and in the last 25 years, the RA attracted a large amount of
research due to its presence in many spices and its use in food preservation.

RA is extensively distributed in the plant kingdom (26 families); it accumulates in
many officinal plants, belonging to the Lamiaceae family (and their subfamily Nepeotoidae)
and Boraginaceae, but it is also found in others such as Blechnaceae, Bryophytes (horn-
worts), and other species of dico and monotyledonous plants, part of the sea grass family
Zosteraceae [22,23].

RA is stored in the vacuoles of plant cells; the chemical structure is an ester of caffeic
acid and 3,4-hydroxyphenillactic acid and is one of the most frequently occurring caffeic
acid ester in plants besides chlorogenic acid (Figure 2).

Figure 2. Rosmarinic acid formula.

Its name originated from the plant Rosmarinus officinalis L., from which RA was
initially isolated [24]. The biosynthetic pathway has been first elucidated in Coleus blumei
cell cultures [25] and the eight enzymes involved in the chemical pathway were deeply
described in several Lamiaceae species.

RA biosynthesis follows two pathways: a phenylpropanoid branch, that drives to the
caffeic acid moiety, and a tyrosine-derived branch that leads to the dihydroxyphenyllactic
acid (DHPL) [26] (Figure 3).

In the phenylpropanoid pathway, L-phenylalanine is transformed to 4-coumaroyl-
CoA by coupling the reactions catalyzed by phenylalanine ammonia lyase (PAL), cinnamic
acid 4-hydroxylase (C4H), and 4-coumarate CoA ligase (4CL). For the tyrosine-derived
moiety, the first step is the transamination of L-tyrosine by 2-oxoglutarate as a second
substrate to form 4-hydroxyphenylpyruvate by tyrosine aminotransferase (TAT). Then,
4-hydroxyphenylpyruvate is transformed by hydroxyphenylpyruvate reductase (HPPR) to
4-hydroxyphenyllactate [27]; this product is then coupled with 4-coumaroyl CoA to form an
intermediate by the enzyme rosmarinic acid synthase (RAS), whereby the aromatic 3-and
3′-hydroxyl positions are hydroxylated via cytochrome P450 to form the RA molecule [20].
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Figure 3. Biosynthetic pathway of rosmarinic acid.

RA is constitutively accumulated in the aerial parts of rosemary, sage, thyme, spearmint,
lemon balm and lavender with different yield according to the vegetative or reproductive
phase (reaching up to 11 mg g−1 of dry weight, [28]). However, plant cell cultures are an
alternative and efficient source to produce this biologically important metabolite; the con-
centration of RA is thus enhanced and can reach up to 36% of dry weight (S. officinalis, [29]),
much higher than in the plant itself. Other good sources of RA are hairy root cultures,
e.g., from Ocimum basilicum (14.1% DW; [30]).

RA is noted for its high antioxidant capacity, principally due to the high redox po-
tential of its four phenolic hydrogens that support the ability to modulate free radical
scavenging activity. A complementary support is given by the two catechol moieties that
provide the suitable polarity for RA to penetrate the lipid bilayers and protect them against
oxidation [31].

However, the biological activities of plant extracts containing RA have received
considerable attention, and scientific reports have explored the various properties.

As antioxidant it is used in several applications within the food industry as a result of
its role in scavenging free radicals and ability to chelate pro-oxidant ions, and thus prevent
lipid peroxidation [32].

In the plant, RA is associated with defence against pathogens and herbivores, due to
its tannin-like properties, and as a UV-protectants, due to its structure containing caffeic
acid ester [23].

Numerous pharmacological and biological activities of RA have been described,
ranging in complexity from in vitro to clinical studies, to humans and animals, showing
anti-inflammatory, antimicrobial, cytotoxic, antimetastatic, antiangiogenic, neuroprotective,
immunomodulatory, melanogenic effects [4,23,31–34].
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More recently, RA has been positively involved in reducing the damage produced
by UVB in human keratinocytes [31]. Moreover, important novel effects for RA regarding
cognitive performance were reported: the administration of RA prevents the development
of Alzheimer’s pathology and protects neurons from degenerative diseases [32]. The main
challenge in pharmacological study is to demonstrate the possible anti-tumor effects of RA
on colitis-associated colon cancer [35].

Currently, RA is produced in different countries and by several large industries;
an increase of its importance as a healthy compound is defined by the Development
Strategy pre- and post-COVID-19 [36].

2.2. Ulvan

Ulvan, a water-soluble anionic polysaccharide, is the short designation of a complex
sulfated polymer extracted from the cell wall of Ulva species [37,38], commonly known
as sea lettuce. Ulva is an abundant and ubiquitous green macroalgae, proposed as a
model system with phenotypic plasticity [39,40]. The genus Ulva is adapted to various
environmental conditions and could be wild-harvested or cultivated regarding ulvan ex-
traction [41–43]. The extraction of the polymer occurs from many different locations around
the world, including the species: U. rotundata [44], U. armoricana [44,45], U. rigida [46,47],
U. clathrata [48], U. fasciata [49–52], U. intestinalis [53], U. ohnoi [54,55], U. lactuca [56–58],
U. pertusa [59], and many others. Despite the dominance of red and brown seaweed produc-
tion, the particular interest of Ulva is due to its fast growth rates and high ulvan carbohydrate
content [40,60]. Consequently, the biomass of the Ulva species is emerging as a sustainable raw
material, with increasing commercial importance and diversification for the bioeconomy [43].

Ulvan is gelling water-soluble cell-wall acidic polysaccharide [61,62], crosslinked with
other components by ionic interactions [38]. While the cell wall polysaccharides represent
about 38–54% of the dry algal matter [38], ulvan is the key polysaccharide present in
Ulva sp. ranging up to 29–36% of dry weight of the macroalgae biomass [38,63].

It is a complex marine xyloglucuronorhamnan, i.e., a heteropolysaccharide composed
mainly of xylose and glucuronic acid and includes rare sugars such as rhamnose and
iduronic acid within its backbone, conferring a distinct character to the molecule. Variable
amounts of other monomers are often reported, such as glucose, arabinose, galactose, man-
nose [44,63]. The structure contains a main repeating disaccharide unit corresponding to
two forms of aldobiuronic acids, named as ulvanobiuronic acid A and B for simplicity [64];
moreover, it consists of minor units such as aldobioses, named ulvanobioses or type U
(Figure 4). The detailed chemical analysis shows a branch in the ulvan main chain and
minor amounts of branches containing hexose and unsaturated glucuronic acid residue
were found [48,64].

Figure 4. Structure of the main repeating disaccharides units in ulvan: ulvanobiuronic acids and
ulvanobiose.
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In contrast to land plants that do not produce sulfated polysaccharides, ulvan contains
sulphate groups mainly located at C-3 of (1→4)-linked rhamnose residues [64]. Further-
more xylose-2-sulfate are also described [38] and about 4% of the xylose moieties bear
sulfate groups in ulvan extracted from U. clathrata [48]. The total sulfation content varies
widely from 2.3 to more than 28–40% [63] and, according to Figueira et al. [42], ulvan from
cultivated U. fasciata presented stronger signals of sulphate than natural ones. The sulphate
group plays an important role, and the degree of sulfation is usually positively correlated
with ulvan bioactivities [63]. The sulphate content is related to antioxidant activity [65], but
not related to elicitor activities in suspension-cultured cells or infected Arabidopsis thaliana
plants [50,53].

One of the major challenges is the determination of ulvan molecular weight (Mw).
Ulvans naturally exhibit a high level of polydispersity and a molecular weight in the
range 5.3 × 104–1.8 × 106 g/mol is generally obtained. These values reflect the large
variations on the Mw values depending on origin, mode of extraction, different methods
and determination conditions. The tendency to form microaggregates contributes to the
variation [66,67]. Robic and co-workers [68] studied how the stabilization treatments of
the U. rotundata biomass can impact the ulvan extraction. Frozen and freeze-dried samples
yielded polymers with higher Mw that is positively correlated with the gel formation [44].
Molecular weight variations interfere with ulvan biological activities [69,70].

Despite the complexity of the ulvan molecule itself, other factors contribute to the
variabilities related to the number of Ulva species such as seasonal period of harvesting,
eco-physiological variation, extraction techniques [63,67]. The correct identification of
Ulva species presents considerable difficulty/confusion because there are many species in
nature, and they present intermediate forms with flexibility of the morphology (phenotypic
changes under different growth conditions), in growth and metabolite accumulation [39,60].
Thus, it is necessary to identify them on the basis of their morphological characteristics
and molecular analysis [71].

An interesting feature of the polymer is the ability of gel formation with low intrinsic
viscosity in aqueous solution, and the mechanism appears unique among polysaccharide
hydrogel [38]. The ultrastructure analysis revealed a hydrophobic and aggregative behavior
of ulvan gel that forms bead-like (“raspberry-like”) aggregates interconnected by fiber-like
constituents. How ulvan is present in the seaweed cell walls is still an open question [61].

Ulvan exhibits many direct biological activities, including antioxidant, immunomodu-
latory and immunostimulating, cytotoxic and antitumor, anti-inflammatory, anticoagulant,
antihyperlipidemic, antiviral, antibacterial and tissue engineering properties as reviewed
by Tziveleka et al. [67], Mo’o et al. [72] and Kidgell et al. [70]. Furthermore, the polymer is
an elicitor or priming agent with the capacity to modulate cellular signalling in metabolic
pathways suitable for plant protection [73,74]. The small, non-sulphated oligomers are able
to induce oxidative burst in dicot cells [53].

The detailed knowledge of ulvan structures provides the basis for its modification
and for the relationship between its chemical structure and biological activity [53]. How-
ever, its complex structure remains a challenging aspect of ulvan applications. Future
studies should be focused on the structure–activity relationship to obtain more active and
well-defined ulvans, resulting in the second generation of molecules [49]. In fact, ulvan
is a valuable bio-ingredient and it guides the market to further exploitation for future
applications [72]. A pivotal strategy will be to have ulvan as a commercially available
source. Currently, at least three companies in the carbohydrate chemistry field provide
ulvan polysaccharide as a laboratory reagent for research and innovation development.
The emerging demand of the market is indeed the industrial ulvan production, available in
high quantity and with a certified quality [66]. However, the standardization of processes
and big scale producers are still missing.
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The sum of these characteristics makes ulvan a unique molecule with a broad number
of biological and biomedical applications. In fact, there are different possibilities to include
ulvan for the preparation of biomaterials or hybrid biomaterials: membrane, particles,
hydrogels, films, scaffolds, nanofibers, stabilizer emulsifier, adsorbents [67,75,76].

3. Extractions Processes
3.1. RA Extraction

Together with plant conservation after harvesting, the extraction process is the most
critical step for obtaining significant amounts of biologically active polyphenolic com-
pounds. The method of choice is driven by the stability and solubility of the compounds of
interest, as well as by the desired scalability of the entire process.

Traditional methods are based on the extraction of the compounds after the diffusion
of a solvent in the plant matrix, and comprise maceration, infusion, heat reflux (HRE),
and Soxhlet extraction. Due to its chemical structure, RA is conventionally extracted by
methanol, acetone, ethanol, water, or a mixture of them. A percentage of water from 10 up
to 70% is required for an efficient extraction of polyphenolic compounds as it could increase
the diffusion of polyphenols from plant cells through the swelling effect on the plant tissues.
More sophisticated techniques have been introduced with the aim of reducing solvent
consumption and avoiding unnecessary losses of energy and time, thus reducing the overall
cost of the procedure and its environmental impact. Among the most modern methods,
supercritical fluid extraction, pressurized liquid extraction, and ultrasound-assisted (UAE)
and microwave-assisted extraction (MAE) can be numbered.

Numerous papers regarding the extraction of RA have been recently reviewed by
Ngo et al. [77]. Here, we will discuss those papers reporting the direct comparison among
different extraction techniques. In the following studies, the extraction yield (i.e., extracted
mass vs. sample mass) and in some cases the extraction selectivity, were taken into
consideration as main parameters to be optimized during the extraction process.

Jacotet-Navarro and coworkers [78] compared the performances of six different config-
urations of ultrasound (bath, reactor, and probe) and microwave (reflux under microwave,
microwave under nitrogen pressure and microwave under vapor pressure) based processes
for the extraction of rosmarinic, carnosic and ursolic acids from rosemary. All processes
used a mixture of ethanol/water (90/10, v/v), and the results (in terms of extraction yield,
purity, and content in each of compound) were compared to conventional HRE and mac-
eration. Extraction temperature was set at 78 ◦C, room temperature, 40 ◦C and 70 ◦C (or
higher) for HRE, maceration, UAE, and MAE, respectively, and time was fixed at 30 min.
The lowest total extraction yields were obtained with maceration and ultrasounds, which
the authors attributed to temperature difference during extraction. MAE at 150 ◦C gave
the highest total yield, but looking at the single compounds, RA was extracted in lower
amounts with respect to carnosic and ursolic acid. The authors attributed this result to the
extraction solvent, since RA is more soluble in water, whereas the other two compounds
are more soluble in ethanol. The most suitable extraction methods for RA are confirmed as
MAE at 125 ◦C or 150 ◦C, or conventional HRE extended up to 5 h, which indicates also
that RA is not a thermo-sensitive compound. However, in terms of energy consumption
and carbon emission, HRE prolonged for 5 h showed the highest energy-consumption
(850 kWh/kg extract) and carbon emission (680 kg CO2/kg extract).

In a similar study conducted in 2014 [79] on R. officinalis leaves, different alka-
nol/aqueous mixtures in combination with Soxhlet extraction, MAE and UAE were eval-
uated. Different ultrasounds and microwaves operating conditions were studied. Both
MAE and UAE were able to provide a three- and two-fold enhancement, respectively, with
respect to hot percolation. Curiously, MAE provided the best result with 70% aqueous
ethanol, while UAE yield was optimal with 70% aqueous methanol.

Herrero et al. [80] compared pressurized liquid extraction (PLE), using water and
ethanol as solvents, supercritical fluid extraction (SFE), using neat CO2 and supercritical
CO2 modified with ethanol, water extraction and particle formation on-line (WEPO). In
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WEPO, a first dynamic subcritical water extraction (SWE) is followed by extract drying
under hot N2 (70 ◦C) with supercritical CO2 assisted nebulization. The second step allows
the precipitation of the extracts, which forms particles with variable diameter, depending on
the drying conditions. Compared to single step SWE, with WEPO the extraction yield was
lower (but still higher respect to SFA), probably because of the absence of an equilibration
step, but it is compensated by the elimination of any lyophilization procedure. Comparing
the three techniques, PLE using water was able to maximize both the extraction yield and
the antioxidant activity.

A systematic work published in 2020 [81] discussed the extraction efficiency of RA
from Lamiaceae herbs (lemon balm, peppermint, oregano, rosemary, sage, and thyme) using
various extraction techniques (maceration with stirring, HRE and MAE) and extraction
conditions (solvent acidity, solvent type, extraction time and temperature). The authors
found that solvent acidity was the parameter which most significantly affected the recovery
of RA, regardless the extraction technology.

In most of the works found in the literature, a One Variable at a Time (OVAT) method-
ology was used to optimize RA extraction. This approach, however, does not consider the
interactions among extraction parameters and does not assure the maximization of the
extraction yield. In 2017, Caleja et al. [82] compared, for the treatment of Melissa officinalis,
HRE, MAE and UAE performances through response surface analysis. A circumscribed
central composite design of three variables (time, temperature, and ethanol–water propor-
tion) with five levels was used to maximize three response values (mg RA/g plant DW,
mg RA/g extracted residue, and g extracted residue/g plant DW), and optimal variable
conditions were found for each extraction technology. UAE emerged as the most efficient
method, apparently in contrast with previous studies, which revealed a higher yield for MAE
but obtained with water as extraction solvent and under conditions not properly optimized.

The studies discussed so far made use of dry rosemary leaves, eventually cryogeni-
cally grinded. Rodríguez-Rojo and co-workers [83] studied, together with the role of
the extraction process, the influence of different pre-treatments (de-oiling, de-oiling and
milling) for RA recovery with pure water from rosemary. Plant pre-treatments are aimed
at maximizing the extraction efficiency and at overcoming inner mass transfer limitations
by reducing particle size and by breaking cell membranes, to facilitate the access of the
solvent. With both pre-treatments, water extraction showed significantly better yields than
extraction with ethanol, regardless of the chosen extraction technique (conventional, MAE
and UAE). By DPPH assay, the authors found also that in aqueous systems, RA shows an
antioxidant activity superior, with respect to lipid environments.

3.2. Ulvan Extraction

Ulvans differ in their molecular weight, sugar composition, and sulfation ratio; these
factors influence the biological properties. Therefore, increasingly sensitive, and reliable
analytical methods, the mechanisms by which ulvan interferes with the different biological
systems, and the knowledge of the smallest structure required for bioactivity have induced
companies to produce well-defined ulvans (second generation). The extraction method,
chemical characterization and quantity need to be considered for industrial production.
However, much effort is currently required to explore the structural diversity of the ulvan
broad family for an industrial perspective in relation to its biological properties. Since
ulvan is a complex polymer associated to proteins and with others cell-wall components of
Ulva [38], the ulvan extraction procedure is a critical point.

Maceration or Soxhlet extraction with solvents (ethanol or methanol) are important
steps for defatting the macroalgae material to remove amino acids, peptides, lipids, and
pigments. They are used as conditions to obtain high pure molecular weight and better
extraction yields from 2.8 to 13.8% [84]. Alternatively, algae powder can be incubated 24 h
with acetone to remove lipids and pigments [85]. However, Kidgell et al. [63] considered
that such pre-treatments have no effect on either extraction efficiency or the quality of
ulvan extracted and for this reason are considered unnecessary.
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To enhance extraction efficiency and to provide better ulvan yield, Ulva biomass is
dried in air at 70 ◦C [68] and finely milled to obtain high recovery and pure product [63].
The maximum ulvan extraction efficiency depends also on the active growing period of
the macroalgae [44]. Ulva is usually obtained with hot water in the autoclave for 1–2 h
at 90 or 110 ◦C (1.97 atm) or heated (1, 2 or 3 h) [63,67]. The extraction is improved by
the presence of divalent cation chelating agents, such as ammonium oxalate or sodium
oxalate [68]. The extract can be treated with enzymes such as protease (proteinase K)
for proteolytic digestion to remove contaminants [86]. Other methods include multilevel
extraction procedures, using water followed by the addition of NaCO3 and NaOH or
acid solutions and ammonium oxalate, but the stability may be decreased at low pH [72].
The extract is separated from the biomass by filtration and/or centrifugation. Regardless
of the extraction method, precipitation of ulvan is achieved by adding 2–2.5 volumes of
ethanol (70 or 96%, cold or not) and is the most common method used in the laboratory
to recover the polymer, while ethanol-soluble compounds, such as metabolites, remain
in solution. Although ethanol precipitation is a suitable method, it is limited by the low
solubility of salts and high solubility of low molecular weight ulvan in ethanol-water
mixtures. Later, the ulvan aqueous extract is filtered, concentrated in a rotary evaporator,
and air-dried or even freeze-dried [67]. As a final step, the precipitation methods are
followed by efficient desalting and removal of small molecules contaminants by dialysis
membrane, ultrafiltration, or even chromatography [63].

4. Bionanosystems

Incorporation of bioactive compounds, such as natural polyphenols, in micro- or
nano-encapsulating systems is a strategy to protect these substances against undesired en-
vironmental conditions (e.g., light, heat, humidity), improve solubility and bioavailability,
and enable their controlled release and target delivery [87]. These effects are achieved due
to the small size and high surface-to-volume ratio of the carriers, as well as the physical and
chemical interactions between the bioactive compound and the encapsulating material [88].

4.1. Bionanosystems for RA

As discussed in the previous paragraphs, RA is a phenolic molecule with numerous
possible applications in the food and pharmaceutical industries due to its antioxidant, an-
timicrobial, and anti-inflammatory properties. However, RA has low lipophilicity reflected
in reduced transmembrane penetration and poor oral availability [89,90]. Furthermore, it
is unstable, poorly soluble in water, and its low partition coefficient limits its transport
across biological barriers, as well as its inclusion in a cosmetic formulation and efficacy as
an antioxidant [91]. In addition, the acidic environment and enzymes present in the human
digestive tract or in many food products impact its stability resulting in low bioavailability
and reduced biological activities [92]. To increase the RA stability, as well as its permeability
and thus bioavailability, a viable method is its incorporation into micro- or nanosystems.

Many different carriers have been tested so far for the encapsulation of polyphenols,
including a wide variety of natural and synthetic polymers. The most commonly used
encapsulating materials include polysaccharides (i.e., chitosan, cyclodextrins, alginate gel),
lipids (waxes, paraffin, oils), bio-based polyesters (i.e., poly(lactic acid), poly(lactic co-glycolic
acid)), acrylic polymers, polycaprolactone, and also inorganic materials (i.e., anionic and
cationic clays, halloysite, silica nanoparticles) [15,93,94].

Selected examples are discussed below about the encapsulation/immobilization of
RA into different types of carriers, organic and inorganic, aiming to improve its stability,
permeability, and bioavailability.
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4.1.1. Bionanosystems Based on Organic Carriers

Most of the examples reported in the literature about the immobilization of RA involve
the use of polymer-based micro or nanosystems (Table 1). Generally, natural polymers
and biodegradable polymers are selected as the preferred encapsulating materials for
applications in the field of skin delivery systems. In fact, these materials are non-toxic,
non-reactive in contact with human tissues and can be broken down or metabolized and
removed from the body through normal metabolic pathways. Furthermore, their properties
depend on the structural features, including composition, molecular weight, and nature of
chain end groups. In addition, these polymers can be chemically functionalized to achieve
improved properties [15].

Among the different natural polymers used as entrapping materials, chitosan (CS),
which is a natural, biodegradable, and hydrophilic polysaccharide, is the one that has
been most investigated for encapsulating polyphenols including RA, because it behaves
as a stable and protective vehicle to deliver active molecules. Microparticles of CS are
very effective as encapsulating systems for bioactive compounds because they are stable
in contact with fluids and physiological barriers, protect active compounds from adverse
conditions, and can control their release. The properties of the microparticles depend on the
molecular weight of the chitosan, the degree of deacetylation, and the mass ratio of chitosan
to active ingredient. Many polyphenols are insoluble in water, but through encapsulation in
CS microparticles can be delivered topically. In addition, these systems have also been success-
fully tested for oral and transmucosal delivery of the active ingredient, and in other biomed-
ical, pharmaceutical and food applications, for delivery of natural antioxidants [15,93,95–97].
Casanova et al. [91] first encapsulated RA in microparticles of CS and modified-CS (func-
tionalized with carboxylic acid groups that make it more water soluble) prepared by a
spray drying process for skin delivery in cosmetic formulations. Spherical RA-loaded
microparticles with an average diameter of 4.2 µm and 7.7 µm were obtained using CS or
modified-CS, respectively. Modified-CS/RA particles showed slower RA release in coconut
oil (≈75% after 2 h) than in water (pH 5.5) (≈100% at 30 min), while CS/RA microparticles
revealed a fast release of RA (≈90% after 45 min) in both media (Figure 5). This effect was
due to the high solubility of the modified-CS in water, which promoted complete disinte-
gration of the microparticles and fast release of RA. Otherwise, modified-CS nanoparticles
were less soluble in oil, and consequently RA was trapped longer and released more slowly.

Figure 5. SEM micrographs and RA release profile in water and coconut oil of RA-loaded chitosan (A) and RA-loaded
modified chitosan (B) microparticles (adapted from Casanova et al. [91], copyright 2016 Elsevier).
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CS nanoparticles have also been investigated for encapsulating RA or RA-containing
extracts [98,99] due to their exceptional ability to release drugs, especially at the mu-
cosal level. Therefore, the encapsulation of antioxidant molecules in CS nanoparticles
represents a possible therapy towards the treatment of several chronic diseases charac-
terized by oxidative stress. For example, da Silva et al. reported the preparation of CS
nanoparticles by ionic gelation of CS and sodium tripolyphosphate in solution and their
use as biodegradable mucoadhesive nanocarriers of RA and RA-containing extracts from
Salvia officinalis (sage) and Satureja montana (savory) [95,98]. The antioxidant compounds
were successfully encapsulated in CS nanoparticles of 200–300 nm, demonstrating the
absence of chemical interactions between the antioxidant and CS and showing good release
of RA and appreciable antioxidant activity. Furthermore, the authors demonstrated that
RA-loaded CS nanoparticles were safe without relevant cytotoxicity against retinal pigment
epithelium and human corneal cell line, thus making these nanoparticles very promising
drug delivery systems for ocular application in oxidative eye conditions. Madureira et al. [99]
later demonstrated that RA-loaded nanoparticles with zeta potential of 20–30 mV are
suitable to adhere to the intestinal epithelium, releasing the antimicrobial compound to
the gut and preventing or controlling intestinal disorders provoked by bacterial food
pathogens (i.e., Bacillus cereus, Escherichia coli O157, Listeria innocua, Staphylococcus aureus,
Salmonella typhimurium, and Yersinia enterocolitica). As an alternative to encapsulation in
spherical CS particles, adsorption of RA on CS powder was also studied, obtaining water-
insoluble RA-CS complexes characterized by a high amount of immobilized RA [100,101].
From kinetic studies it was established that the adsorption of RA on CS powder occurred
in two steps: in the first step RA molecules were attached to the ionized amine groups
on the surface of the CS powder due to electrostatic interaction, while in the next step
the previously adsorbed RA molecules became the sites for adsorption of additional RA
molecules due to hydrophobic interaction. Furthermore, this study revealed an interesting
aspect; that of the fluorescence of aqueous dispersions of RA-loaded powders. The authors
showed that as the amount of RA adsorbed on the CS powder increases, the fluorescence
emission maximum shifts towards shorter wavelengths, suggesting a stronger association
of RA molecules on the surface of the CS powder [102]. Interestingly, Chhabra et al. [103]
prepared RA-loaded chitosan encapsulated graphene nanoparticles and demonstrated that
this combination has high in vitro antibacterial activity, and it is efficacious for wound
healing treatment. Furthermore, chitosan was combined with zinc oxide and the bio-
compatible nanoparticles were successfully used to preconcentrate and recover RA in
complicated matrices, such as the extracts of medical plants [104], by dispersive micro-solid
phase extraction.

Cyclodextrins (CDs) are another example of natural polymers successfully used for
encapsulating polyphenols [105,106]. CDs are cyclic oligosaccharides soluble in water
with an inner hydrophobic core and a hydrophilic exterior, which can be used as host-
nanosystems [107]. Indeed, the hydrophobic cavity (diameter about 0.60 nm) can act as a
host entrapping polyphenols and terpenes, thereby improving solubility in water, increas-
ing chemical and physical stability, and, in a few cases, enhancing the activity of guest
molecules. Molecules such as gallic acid, (−)-epigallocatechin, (−)-epigallocatechin-gallate,
quercetin, chlorogenic and caffeic acids, and also RA were successfully encapsulated in
CDs [108–110]. Fateminasab et al. [109] showed that RA can be encapsulated into the
cavities of β- and γ-CDs, leading to water-soluble and photo-stable inclusion complexes.
In these systems, the complementary use of 1D and 2D-ROESY NMR and capillary elec-
trophoresis demonstrated that RA and β-CD form a stable complex and that catechol
subunits of RA are inserted inside the CD hydrophobic cavity, while no interactions of RA
with the outside of the CD unit could be reliably detected. The results suggest that this
conformation can improve the thermo-oxidative stability of RA and modulate its release
as a function of pH [108]. The complexation of RA with α-CD, β-CD and with differently
functionalized CDs revealed an increment of the RA water solubility with an increase in
the fluorescence intensity and a blue shift of the emission maximum (Figure 6). In addition,
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the antioxidant capacity of RA also increased for RA-CD complexes, which was interpreted
as the stabilization of the 1-e oxidized catechol moiety of RA by enhanced intramolecular
H-bonding [111].

Figure 6. (A) Molecular structures of the guest and hosts in RA-CD complexation: (a) RA, (b) α-CD
and (c) β-CD (R = H) and its derivatives. (B) Fluorescence spectra of RA in aqueous solution with
different CDs at pH 7.0. (C) Trolox equivalent antioxidant capacity (TEAC) of RA in free and complex
forms in aqueous solutions at pH 7.0 (adapted from Celik et al. [111], copyright 2011 Elsevier).

Alginate beads can be also used as RA nanocarriers. For example, Rijo et al. demon-
strated the efficiency of alginate beads in encapsulating aqueous extracts of Plectranthus
plants, having RA and caffeic acid as major components [112,113]. The authors demon-
strated that alginate-based bionanosystems retain a high amount of RA and caffeic acid,
are excellent inhibitors of acetylcholinesterase, and have good antioxidant capability. All
these features indicate that this strategy could potentiate the action of plant extracts by
promoting a protective effect and a sustained release of active constituents and, ultimately,
improve their pharmacological effects. Similar results were found by Stojanovic et al. [114]
that investigated the encapsulation of thyme aqueous extract containing RA in calcium
alginate gel beads prepared by electrostatic droplet generation (electrostatic extrusion). Ad-
ditionally, in this case, it was demonstrated that the encapsulation preserved the bioactive
compounds as the total antioxidant content remained unchanged.

Another interesting example of RA immobilization for food and pharmaceutical pack-
aging is that proposed by Ge et al. [115] that prepared gelatin-based edible films containing
RA for effective antioxidant and long-term antibacterial activities. In this case, RA was co-
valently bonded to the carrier. Indeed, the first RA was conjugated onto a gelatin backbone
via the carbodiimide (EDC)/N-hydroxysuccinimide (NHS) method (Figure 7) and later the
conjugates were plasticized by glycerol and crosslinked by dialdehyde xanthan gum to
fabricate active RA-gelatin edible films. The results indicated that the RA-gelatin edible
films present good water resistance properties, strong mechanical properties, and excellent
ultraviolet light barrier ability. The conjugation of RA conferred gelatin-based edible films
with effective antioxidant and antibacterial activities, which was maintained for 3 months.



Appl. Sci. 2021, 11, 9249 13 of 33

Figure 7. Scheme of preparation of RA-gelatin film. Survival rates of E. coli (A) and S. aureus (B) after treating with newly
prepared (red histogram) and 3 months stored (blue histogram) gelatin-based edible films for 24 h at 37 ◦C. (C) SEM images
of E. coli and S. aureus after treating with gelatin-based edible films for 24 h at 37 ◦C (adapted from Ge et al. [115], copyright
2018 Elsevier).

Sahiner et al. [92] prepared crosslinked poly(RA) particles by an emulsion cross-
linking process (Figure 8) and found that poly(RA) particles can release RA in acidic,
neutral and basic environments, and that the antioxidant activity of poly(RA) is almost
indistinguishable from that of pure RA. In addition, poly(RA) particles were ~66% less
cytotoxic to mammalian cells than RA monomer and showed a strong inhibition of α-
glycosidase for possible application in the treatment of diabetes.
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Figure 8. Chemical structure and digital camera image of RA and poly(RA) particles (adapted from Sahiner et al. [92],
copyright 2019 Elsevier).

Gimenez-Rota et al. [116] described the encapsulation of RA into polylactic-co-glycolic
acid (PLGA) and poly-lactic acid (PLA) carriers (with size ranging between 1.5 ± 0.5 µm
and 0.3 ± 0.1 µm) in combination with β-carotene (β-CA) and tocopherol (α-TOC) and
using supercritical emulsion extraction technique for the preparation. RA and α-TOC were
added to the formulation as extra protectors of the light-sensitive β-CA thus improving
its shelf-life. Results showed that the encapsulation efficiency of RA in both PLA and
PLGA was very low; between 1.3 and 3.9%, but it increased by co-encapsulation of RA
with β-CA and α-TOC. However, the inclusion of RA in the emulsion formulation caused
a further reduction in β-CA encapsulation efficiency because of the high solubility of
RA into the high-pressure mixture of carbon dioxide and organic solvent formed dur-
ing the emulsion extraction. Among the synthetic polymers used as nanocarriers of RA,
Kim et al. [93] prepared RA-loaded polycaprolactone (PCL) microspheres using the emul-
sion solvent evaporation method. It was demonstrated later that cream formulations
containing RA-loaded PCL microspheres have a better long-term stability of RA compared
with those containing only RA.

Another very interesting method for the encapsulation of plant extracts is the one
involving the electrospinning of poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
solutions containing rosemary extract and green tea extract obtaining ultrathin fibers [117].
Continuous films produced by the annealing of resultant electrospun mats showed an-
timicrobial and antioxidant activity in both open and closed systems. It was found that
the antimicrobial activity was higher in the case of the closed system due to the presence
of volatiles stored in the headspace. However, the antioxidant activity of the fibers and
films was much lower than that of the neat active substances, which was related to the
entrapment and loss during electrospinning and film processing, and which was also
reduced with the passage of days due to the continuous release of the active compounds.

Lipid nanotechnology-based systems are another interesting route to encapsulate RA
and other plant extracts for drug delivery. For example, RA, due to its physicochemical
properties, has low skin penetration efficiency, but its encapsulation in liposomes [118],
ethosomes [119] and ultra-deformable liposomes containing fatty acids [120] can increase its
transdermal penetration. Liposomes are micro or nanosized spherical vesicles composed of
one or more lipid layers containing an aqueous phase. They can also carry both hydrophilic
and lipophilic drugs. Due to the presence of phospholipids in their structures, they
are similar to biological membranes. Liposomes made of 1:1 Phospholipon 90H and
1,2-dimyristoyl-sn-glycero-3-phospho-(1′-rac-glycerol) sodium salt loaded with oregano
extract containing RA and carvacrol showed an encapsulation efficiency of RA of about
60–70%, and about 80% of RA was released during in vitro test [118].
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Ethosomes are vesicular systems composed of phospholipids, ethanol, and a high-water
concentration, are very flexible, and can very easily penetrate inside the deep skin layers.
Ethosomes prepared using 30% w/v of ethanol and 2% w/v of soya phosphatidylcholine
loaded with RA with a particle size of 192 ± 1.95 nm, zeta potential of −32.1 ± 2.37 mV,
polydispersity index of 0.215 ± 0.005 and an encapsulation efficiency of 66 ± 1.51% were
compared with liposomes made of dipalmitoyl phosphatidylcholine with a particle size of
202 ± 1.12 nm, zeta potential of −11.2 ± 1.15 mV, polydispersity index of 0.220 ± 0.050 and
encapsulation efficiency of 62 ± 1.95%. RA-loaded ethosomes and liposomes maintained the
antioxidant, anti-collagenase, and anti-elastase effect characteristic of RA. Both ethosomes and
liposomes significantly increased RA skin penetration, but ethosomes have been found to be
much more efficient than liposomes for delivering the drug to the deeper layer of skin [119].

Finally, ultra-deformable liposomes (ULs) are elastic liposomes generated by the
addition of edge activators to liposomes, and those containing fatty acids show high
efficiency in skin penetration. ULs prepared by using 0.69% w/v of Phospholipon 90G,
0.078% w/v of cholesterol, 2% w/v of Tween 20 (non-ionic surfactant), 0.5% w/v of oleic
acid and water had particle size of 60 ± 17.3 nm, polydispersity of 0.32 ± 0.1 and zeta
potential of -18.03 ± 0.35 mV. The confocal laser scanning microscopy, where the co-
localization technique using multifluorescent labelled particles was utilized, showed that
ULs attached to any part of the skin before releasing the entrapped drug to further penetrate
the skin [120].

Solid lipid nanoparticles (SLNs), made of lipids that remain solid at both the tem-
perature of the human body and at room temperature, are another way to encapsulate
RA. The composition of these nanoparticles, along with their characteristics, makes the
SLNs ideal for carrying/delivering sensitive bioactive compounds. SLNs protect these
compounds against chemical degradation and facilitate their application in varied adminis-
tration routes [121]. RA was successfully encapsulated in SLNs made of witepsol (mixture
of mono-, di- and triglycerides from natural origin) and carnauba wax. About 40–60% of
RA encapsulated in SLNs was released in simulated gastrointestinal tract conditions, and
its antioxidant activity was maintained [122]. Another application of RA-loaded SNLs is
in the therapeutic approach for neurodegenerative disorders. Indeed, RA, besides having
anti-inflammatory and antioxidant activities, also has a neuroprotective effect. In the
therapy of neurodegenerative disorders, solid lipid nanoparticles were used for the nasal
administration because this is an efficient root for the delivery of active principle to the cen-
tral nervous system [123]. For the management of Huntington’s disease, a neurogenerative
disease, the RA-loaded SLNs was prepared using glycerol monostearate as lipid, tween 80
and soya lecithin as surfactant and hydrogenated soya phosphatidyl choline as a stabilizer.
Optimized RA-loaded SLNs have the mean size of 149.2± 3.2 nm, zeta potential of−38.27 mV
and entrapment efficiency of 61.9± 2.2%. Nasal delivery of the developed formulation shows
that RA-loaded SLNs formulation following the non-invasive nose-to-brain drug delivery is a
promising therapeutic approach for the effective management in Huntington disease [124].

Another lipid system used to entrap plant extracts containing RA is the nanostructured
lipid carrier (NLC), which has been developed and used as an alternative carrier system
to liposomes, emulsions, and solid lipid nanoparticles. Compared to SLNs, NLCs have a
higher loading capacity of active ingredients because the liquid lipid in the formulation
caused imperfect structures with low crystallization ability than SLNs. Moreover, the
firmer inclusion of the active ingredients inside the particle matrix leads to better stability
and longer shelf life of entrapped extract [121]. Ocimum sanctum extract containing a
high amount of RA was successfully loaded in a NLC made of 5% w/w of cetyl palmitate,
3% w/w of tea seed oil, 2.5% w/w of Plantacare 2000® (non-ionic surfactant), and
91.5% w/w of distilled water. The NLC has an internal droplet size of 261.0 ± 5.3 nm, poly
dispersity index of 0.216 ± 0.042, and Zeta potential of −45.4 ± 2.4 mV. The loaded-RA
NLC dissolved in propylene glycol showed a continuous release of RA during 24 h; about
27% of the extract was detected into the skin layers, and no irritation was detected by Hen’s
Egg Test on the Chorioallantoic Membrane (HET-CAM) [125].
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Finally, nanoemulsions containing RA have been developed and tested for different
applications. For example, they were used for a new nasally delivered neuroprotective
therapy. Here, the association of lipid nanotechnology-based delivery systems with a
mucoadhesive biopolymer such as CS improves RA penetration through biological barriers
and increases its residence time in the nasal cavity [126]. In another example, nanoemul-
sion containing RA dispersed in hydrogel made of hydroxyethyl cellulose was tested for
topical application. The hydrogel was used as a thickening agent to increase the intrinsic
low viscosity of nanoemulsions and improve their stability by reducing the surface and
interfacial tension. Hydrogel of RA-loaded nanoemulsions were prepared by using 2.5%
w/v of egg-lecithin, 6% w/v of medium chain triglyceride (MCT), water 1% w/v of Tween®

80 (polysorbate 80) a nonionic surfactant and dispersed in hydroxyethyl cellulose. In-vitro
RA release studies performed in a Franz type diffusion cell showed that about 60% of RA
is released in 8 h and skin retention studies evidenced that 0.65 ± 0.08 µg/cm2 of RA were
retained in total skin [127].

Table 1. Encapsulation of RA in in organic nano and microsystems.

Type of Carrier Host-Guest System Main Features Refs.

Chitosan (CS)
microparticles

RA-loaded CS
microparticles

• Slower RA release in oil from
modified CS microparticles;

• bionanosystems for skin delivery in
cosmetic formulations.

[91]

Chitosan (CS)
nanoparticles

RA-loaded CS
nanoparticles

• Good release of RA and appreciable
antioxidant activity;

• safe bionanosystems, no cytotoxicity
against retinal pigment epithelium
and human corneal cell line;

• application as protectors of
intestinal epithelium and as
delivery systems for ocular therapy.

[87,88]

Chitosan (CS)
powder

Water-insoluble
RA-CS complexes

• High amount of RA adsorbed on
CS powder.

[100,102]

Chitosan (CS)
nanoparticles
and graphene

RA-loaded CS
encapsulated graphene

nanoparticles

• High in vitro antibacterial activity
and efficacy for wound
healing treatment.

[103]

Chitosan (CS)-zinc oxide
nanoparticles

RA-loaded CS-ZnO
nanoparticles

• Preconcentration and recovering of
RA in complicated matrices by
dispersive micro-solid
phase extraction.

[104]

Cyclodextrins
(CDs) RA-CD complexes • Water-soluble and photo-stable;

• increased antioxidant capacity;
[108,109,111]

Alginate beads RA-loaded alginate beads
• Retention of a high amount of RA;
• excellent inhibitors of

acetylcholinesterase.
[112–114]
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Table 1. Cont.

Type of Carrier Host-Guest System Main Features Refs.

Gelatin Gelatin-based films
containing RA

• RA is covalently bond to the carrier;
• good water resistance property,

strong mechanical properties and
excellent ultraviolet light
barrier ability;

• effective antioxidant and
antibacterial activities.

[115]

RA Crosslinked poly(RA)
particles

• Effective release of RA in acidic,
neutral and basic environments;
antioxidant activity
indistinguishable from RA;

• poly(RA) particles are less cytotoxic
to mammalian cells than RA
monomer and show inhibition of
α-glycosidase.

[92]

Polylactic-co-glycolic acid
(PLGA) and poly-lactic

acid (PLA)

RA-loaded PLGA or PLA
microparticles

• The encapsulation efficiency of RA
increased by co-encapsulation with
β-CA and α-TOC.

[116]

Polycaprolactone (PCL) RA-loaded PCL
microspheres

• Better long-term stability of RA in
cream formulations containing
RA-loaded PCL than with only RA

[93]

Poly (3-hydroxybutyrate-
co-3-hydroxyvalerate)

(PHBV)

RA-loaded ultrathin
fibers of PHBV

• Functional fibers were obtained by
electrospinning;

• continuous films produced by
annealing of resultant electrospun
mats showed antimicrobial and
antioxidant activity in both open
and closed systems.

[117]

Liposomes, ethosomes RA-loaded liposomes
and ethosomes

• Used to increase the transdermal
penetration of RA [118,120,121]

Solid lipid nanopoarticles
(SLNs) RA-loaded SLNs

• Used for oral nutraceutical
formulation;

• Used for therapeutic approach for
neurodegenerative disorders.

[123,124]

Nanostructured lipid
carrier (NLC) RA-loaded NLC • Used for topical application. [125]

Nanoemulsions RA containing
nanoemulsions

• Used for nasally delivered
neuroprotective therapy when
associated to mucoadhesive
biopolymer;

• used for topical application

[126,127]
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4.1.2. Bionanosystems Based on Inorganic Carriers

Most examples of carriers for RA encapsulation or immobilization have involved polymer-
based or lipid-based systems, while inorganic carriers are less investigated (Table 2). However,
considering the possible application of RA as a natural antioxidant or antimicrobial additive
for industries such as food packaging, cosmetics and pharmaceutical, bionanosystems
made of inorganic nanoparticles and RA might have several advantages. It has been found
that the high surface area and layered structure of nanoclays, as well as the hollow tubular
structure of halloysite are ideal for promoting the absorption of essential oils (EOs) [128–130].
Furthermore, combining nanofillers with functional additives afford to host-guest systems
that can be processed with a polymer matrix improving polymer performance due to the
synergistic combination of physicochemical and biological properties of both phases.

The intercalation of bioactive compounds into inorganic layered materials, such as
cationic and anionic clays, allows for host-guest systems that can be used as biocompatible
carriers for drugs and other active chemicals. The 2D geometry of layered nanofillers is
advantageous for self-assembly into organized layered structures of functional organic
molecules, which are released in a controlled manner. Notably, nanoclays have been widely
used as carriers of essential oils (EOs) and polyphenols for various applications such as
food packaging and agricultural applications [131–133]. These hybrid systems act as a car-
rier to disperse hydrophobic molecules into hydrophilic matrices [134,135] and represent
an option to prepare aroma-controlled release systems for pest control [136]. Montmo-
rillonite (MMT) is the most widely studied cationic clay. MMT has a layered structure
where each layer consists of an octahedral sheet of alumina sandwiched between two
tetrahedral sheets of silica. The layers are spaced from each other by a regular interlamellar
space in which cations are located to compensate for the negative charge of the lamellae
due to isomorphic substitution, and dur to these characteristics it is possible to insert
organic molecules into the interlamellar space, generally by cation exchange, but also by
adsorption. Some studies show that polyphenols can be intercalated into the interlayer
spaces of MMT or adsorbed onto the external planar surfaces [130,137,138]. To the best
of our knowledge, only two examples are described concerning the immobilization of
RA on MMT. Giannakas et al. [131] investigated the immobilization of EOs from thyme,
oregano, and basil into Na-MMT and organo-MMT. Primary components of these EOs are
monoterpenoids and monoterpenes, but additional active compounds such as polyphenols,
and among them eugenol, thymol, carvacrol, and RA, are also present. The immobilization
of EOs on MMT was successful, and results demonstrated that in the case of Na-MMT
the phenolic components of EO were immobilized on the external surface of clay layers
via hydrogen bond with the OH groups, whereas in the case of organo-MMT they were
intercalated as demonstrated by the increment of the interlayer space. Another interesting
example of immobilization of RA into a layered silicate is that reported by Izadi et al. [139],
which describes the intercalation by cation exchange of aqueous-based basil extract con-
taining RA into Na-MMT for preparing a green inhibitive nanocarrier (G-MMT). Tannins,
alkaloids, flavonoids, saponins, steroids, sterols, and phenols are indeed efficient corrosion
inhibitors for protection of metals [140,141] owing to heterocyclic rings, heteroatoms, and
double/triple bonds. Therefore, G-MMT was here used in combination with a sol-gel silane
coating to protect steel coupons against 3.5 wt.% NaCl electrolyte. It was demonstrated a
time-dependent release of the green inhibitor from the carrier and an efficient protective ef-
fect against steel corrosion which was five times higher than that of the additive-free hybrid
silane coating. The protective effect was attributed at the precipitation of Fe2+/basil extract
chelates on the superficial active region [142]. In particular, it was found that the formation
of chelates occurs precisely with RA and Fe2+. Possibly RA in neutral electrolytes is in the
carboxylate anion form because its 1st dissociation constant (pKa1) is 2.92 [102], and the
chelates are formed by interaction between RA and empty orbital of transition metal. The
chelates can precipitate on the steel coupon surface, especially at active corrosion regions.
In addition, the interaction between the -OH active groups present in the RA structure and
Fe2+ cations are another possible mechanism for chelate formation.
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Halloysite (HNT) is a two-layered aluminosilicate clay similar to kaolin with the form
of hollow tubes with an external diameter of about 50–80 nm, an internal diameter of
10–15 nm and a length of about 1000 nm. HNT nanotubes can effectively encapsulate
active agents in the hollow structure due to a high adsorption capacity that is higher than
that observed for other clays, which results in a slower release rate of any active agent
from HNT [143]. Films containing HNT as a carrier for rosemary essential oil [144] and
peppermint oil [145] have been reported describing the controlled release of the active
components such as RA.

Among the inorganic lamellar-structured reservoirs, the layered double hydroxides
(LDHs), also called hydrotalcites, deserve special attention because they are very effec-
tive in adsorbing and intercalating organic molecules, as well as in releasing them in a
controlled manner, and protecting them from external agents. LDHs are anionic clays
consisting of positively charged and pillared hydroxide lamellae balanced by hydrated
anions intercalated between the layers. The interlayer anions can be easily exchanged to
produce intercalated systems containing both inorganic and organic anions, which are
firmly anchored by ionic bond [146]. LDHs have been used as nanocarriers of antioxi-
dants such as carnosine acid, gallic acid, vanillic acid, ferulic acid, caffeic acid, and many
others [147–149]. The intercalation between the layers not only protects these molecules
from oxidation and thermal degradation, but it also reduces the effects of migration, and
shows release behavior suitable for their use in controlled delivery systems. Furthermore,
the organo-modification of LDH improves the compatibility with polymer matrices, thus
making LDHs particularly interesting and versatile as additives for polymer composites.
Modification of LDH with salicylate anions [150] and benzoic acid derivatives [151–153],
known for antibacterial properties, is described in the literature. Additionally, these func-
tional fillers have successfully dispersed in various polymer matrices, demonstrating that the
functional host–guest systems slowly release their contents to maintain antimicrobial agent
concentrations at desired levels over a long period of time. Interestingly, polyphenol extracted
by olive mill wastewater, which are natural antioxidants and in some cases also antimicrobials,
have been confined into the host structure of a ZnAl-LDH and employed as an integrative filler
for the preparation of poly(butylene succinate) (PBS) composites by in situ polymerization [154].
The antibacterial properties were assessed against Staphylococcus aureus and Escherichia coli
as representatives of potential agents of foodborne illnesses. Similarly, Sisti et al. [155]
intercalated olive mill wastewater into ZnAl-LDH with the aim of enhancing the durability
of polypropylene and PBS melt-blended composites. More recently a few of us reported the
preparation of antibacterial host guest systems by intercalation of mono-deprotonated ros-
marinic and salycilic acid into a nitrate-intercalated MgAl LDH via anion exchange [156].
The hybrid systems (i.e., rosmarinate-LDH and salicylate-LDH) were successfully dis-
persed into linear low-density polyethylene (LDPE) (Figure 9), demonstrating that the
nanocomposite material containing rosmarinate-LDH was selective and strongly inhibitory
toward Staphylococcus aureus. Additionally, the overall migration of rosmarinate from films
immersed in 95% ethanol solution was followed by fluorescence spectroscopy showing a
controlled release of the active compound. Furthermore, a significant effect of stabilization
of LDPE thermal-oxidation degradation was observed for nanocomposites due to the
antioxidant power of RA. These results encourage future studies by using RA extracted
from residual biomasses to improve the economic feasibility of the process. Moreover,
fluorescence emission of the materials is an interesting feature that could be exploited for
traceability in packaging applications.
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Figure 9. Rosmarinate-LDH and salicylate-LDH, their dispersion into LDPE, and main properties of
LDPE/rosmarinate-LDH and LDPE/salicylate-LDH nanocomposites.

Table 2. Encapsulation of RA in in organic nano and microsystems.

Type of Carrier Host-Guest System Main Features Refs.

Montmorillonite (MMT) Intercalated and adsorbed
RA-MMT

• RA contained in thyme, oregano and
basil EOs is immobilized on the
external surface of Na-MMT and
intercalated in organo-MMT;

• RA-MMT is a green inhibitive
nanocarrier releasing RA and protecting
against steel corrosion due to the
precipitation of Fe2+/RA chelates.

[131,139]

Halloysite
nanotubes (HNTs) Encapsulated RA-HNTs • RA is gradually released from films

containing rosemary EO-HNT
[144]

Layered double
hydroxides (LDHs) Intercalated RA-LDH

• Mono-deprotonated RA is intercalated
in LDH;

• LDPE nanocomposites containing
RA-LDH show antibacterial activity;

• LDPE nanocomposites containing
RA-LDH are stabilized towards
thermal-oxidation degradation;

• LDPE nanocomposites containing
RA-LDH are fluorescent.

[156]

Silica
nanoparticles

Covalently grafted or
adsorbed RA silica

nanoparticles

• The system has antioxidant activity;
• The system can be used as carrier for

the delivery of active compounds.
[157–159]

Metal organic framework
(MOF)

RA-loaded
UiO-66-NH2@N-CNDs

nanoparticles

• Bionanosystem with possible
antitumoral activity.

[160]
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Porous silica nanoparticles, with interesting applications in pharmaceutical formula-
tions, in biomedical devices and in early diagnosis of diseases, have also been proposed as
alternative nanocarriers of bioactive molecules. However, despite their excellent properties,
such as biocompatibility, high specific surface area and versatility on its surface func-
tionalization, some issues related to their toxicity in some tissues, industrial scaling, and
optimization in specific drug delivery, still remain. To overcome some of these challenges,
the development of systems called nanoantioxidants is an interesting approach. These sys-
tems are nanoparticles with intrinsic antioxidant activity and/or antioxidant-functionalized
nanoparticles that, besides having antioxidant activity, are more biocompatible, and have
applications as pharmaceutical excipients, in food packaging or as pharmaceutical car-
riers. Many antioxidants are used to prepare these systems [157] and among these, also
RA has been used. In particular, RA has been covalently immobilized onto the surface
of mesoporous silica nanoparticles that have been previously modified with ammine
group (Figure 10) [158]. The antioxidant activity of this system was proved by the DPPH
test. Moreover, this nanoantioxidant has been used as a carrier for the delivery of morin
(3,5,7,20,40-pentahydroxyflavone) (MH), a flavonoid commonly present in various fruits
and vegetables of the Moraceae family, with remarkable antioxidant, anti-inflammatory,
neuroprotective, and anti-cancer activity. Despite its interesting properties, it has very low
oral bioavailability. Its immobilization into RA/modified mesoporous silica nanoparticles
has allowed its delivery and release at an intestinal level.

Figure 10. Schematic representation of the preparation of morin-loaded nanoantioxidants (nano-
RA/MH). (a) Schematic path to obtain the antioxidant nanocarrier (nano-RA) and (b) schematic
representation of the loading of morin in the nano-RA (nano-RA/MH) (adapted from Arriagada
et al. [158], copyright 2020 MDPI).

Mesoporous silica nanoparticles modified with four kinds of ammino groups were also
used as solid phase adsorbents for RA or RA mixed with other aromatic acids [159]. The
authors stated that in dynamic conditions, RA is adsorbed better than other aromatic acids
and is better retained in the silica nanoparticles modified with 3-[(trimethoxysilyl)propyl]
diethylenetriamine. The adsorption amount of RA and of other acids depends on different
effects such as adsorption strategies, adsorption modes, structure-activity relationship,
steric hindrance, and interaction forces.

Another nanoparticle system where RA has been loaded is the metal organic frame-
work (MOF) made of zirconium and amino terephthalic acid (UiO-66-NH2) [160]. The au-
thors first modified the UiO-66-NH2 with fluorescent N-doped carbon nanodots
(N-CNDs), that are very effective in photo-thermal therapy, then loaded these nanoparticles
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with RA. An amount of 7% of RA was loaded in UiO-66-NH2@N-CNDs nanoparticles
showing a sustained release over a period of 50 h. This system can be used for drug delivery
and simultaneously for fluorescence imagining. Furthermore, the RA addition to UiO-66-
NH2@N-CNDs nanoparticles further increases their activity because RA beside being a
strong antioxidant also has antitumoral activity. Interestingly, methylthiazolyl tetrazolium
assay showed that when RA is loaded onto the nanocarrier, the required amount of active
molecules are significantly reduced because this nanocarrier can absorb UV irradiation by
N-doped carbon nanodots and act synergically with the released RA.

Finally, an unusual application of RA that exploits its antioxidant and reducing
ability is in the preparation, stabilization, and surface modification of gold and silver
nanoparticles from the corresponding salts [161]. The authors stated that by using RA, no
external stabilizer is necessary and hypothesized the use of the so-formed nanoparticles
in different applications, including biomedical imaging, gene and drug delivery, disease
detection and therapy.

4.2. Bionanosystems for Ulvan

The production of bionanosystems based on ulvan must consider the specific properties
of this polymer in water solutions. Negative groups can be present on the macromolecular
structure due to the presence of carboxylate and sulphate groups. In good agreement, Para-
dossi et al. [162] noticed an aggregating tendency of ulvan in dilute aqueous solutions in the
presence of 0.1 M NaCl. In addition, in the presence of divalent cations, such as Ca2+, ulvan
has gelling properties in a pH range of 7.5 to 8.0 [163]. In addition, the negative groups can
be exploited to prepare specific nanostructured systems, with the aim of improving specific
functional properties of ulvan or combining it with other functional agents.

For example, ulvan was used to produce antimicrobial biofilms of silver for food pack-
aging [164]. In the food industry, nisin is a biopreservative with antimicrobial properties
against Gram-positive bacteria and the nisin-loaded ulvan particles were more stable and
thus, ulvan was used as a carrier for the small nisin molecule [165]. The latter has the
tendency of generating positive ions in water solution due to the presence of basic -NH-
moieties, hence the regulation of pH during the preparation of the particles was pivotal.

Ulvan (obtained from U. lactuca) was modified as a carrier system to deliver water-
insoluble metabolites. The produced nanogels were based on ulvan acetate self-organized
in aqueous solution, increasing the solubility of the yellow pigment curcumin extracted
from Curcuma longa rhizomes [166]. Curcumin is hydrophobic in nature, so it has poor
solubility in water or hydrophilic solutions, but it is an important natural polyphenol with
notably anti-inflammatory and other biological properties [167]. It contains -OH groups
that may develop interactions with similar groups in the polysaccharide. The acetylated
polysaccharide ulvan was efficiently converted to nanogels to deliver curcumin in aqueous
medium [166].

Drug delivery was also exploited to form nanostructures combining the anionic charac-
teristic of ulvan (from U. rigida) and the lysozyme, the ubiquitous positive charged enzyme at
neutral pH. Synergistic properties were verified most probably attributed to the nanoscale
and the complexes displayed higher antibacterial activity against Staphylococcus aureus when
compared with the enzyme or the polymer alone [67].

Application in the synthesis of hydrogels and bioactive membranes for biomedi-
cal application was also demonstrated [72]. Exploiting the tissue engineered bioactive
biorenewable scaffolds, complexes of ulvan and chitosan were designed, i.e., mixtures of
positively and negatively charged polyelectrolytes blended at the molecular level [168].
Polyelectrolyte membranes are new generation of biomaterials composed of the natural
polymers and can include ulvan as well as ulvan/chitosan membranes to stimulate the
attachment and proliferation of specialized cells such as osteoblasts [168]. These matrices
are similar to green avenues for scaffold and membrane developments and the future for
macroalgae with high impact in biomedical applications.
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Although many experiments have been conducted on formulations involving chitin/
chitosan nanoparticles with the combination of RA, few studies proposed the incorporation
of ulvan in preparations containing a matrix of chitin or chitosan. In the preparations it is
important to mention the detailed structural analysis of chitosan since defined chitosan
are important to their bioactivities [169] and the same for ulvan, resulting in the second
generation of highly defined active molecules.

Nanoparticles of chitosan-ulvan (from U. ohnoi) were obtained and presented im-
munostimulant activity inducing an oxidative burst in fish macrophage [170]. The nanopar-
ticles could be potentially used as nanocarries in feed additives or vaccine vehicles in
aquaculture considering that the high molecular weight ulvan polymer was more active
and the low molecular weight loose the immune-stimulatory activity in vitro [170].

Barros et al. [171] reported that modified carboxymetylated chitosan and ulvan (ob-
tained from U. lactuca) were combined to generate non-cytotoxic bone cements. Further-
more, a biocompatible soft material consisting of an ulvan-chitosan complex was developed
and the ulvan aqueous solution was added chitosan solution to form a hydrogel [86].

5. Applications

As evidenced in Section 1, RA, extracted from different plants, shows many interesting
functional properties that were tested and listed by several authors [33,91]. The interesting
properties of RA are summarized in Figure 11.

Figure 11. Exploitable properties of RA.

Thanks to the preparation of different organic or inorganic carriers (Section 4.1) RA
can be incorporated in bionanosystems, that represent an advantageous more stable and
effective form of RA. Bionanosystems can be available as solid powders or as liquid systems
if liquid nanoparticles are available in suspensions or emulsions, such as in the case of gel
microcapsules or liposomes.
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Coatings containing RA could allow this functional molecule to be deposited onto
surfaces to have specific anti-microbial properties. For instance, RA was suspended in
acidic water solution with chitosan to prepare a coating that helped in increasing the shelf
life of fish fillets [172] thanks to the anti-microbial properties of both chitosan and RA.

Moreover nasal [124,173,174] and ocular [175,176] liquid treatments were prepared
containing RA.

Despite gaps in the literature regarding this subject, the incorporation of RA bio-
nanosystems in liquid coatings to treat plastic, metal or ceramic surfaces to widen the
use of RA in several solid consumer goods. Would certainly be possible. In addition, the
use of electrospray was found to be useful in producing RA incorporating biopolymeric
particles by Vatankhan et al. [177]. Electrospray is a technique very useful not only in the
production of solid powder, but also to anchor polysaccharides particles consisting of chitin
nanofibrils on several surfaces, especially tissues, as demonstrated by Azimi et al. [178,179].
Hence, the use of this technique could be extended to RA bionanosystems incorporated
in a biopolymer matrix as a methodology to modify biopolymers substrates. Another
interesting technique that can be applied to incorporate powders in non-woven tissues
is dry powder impregnation, which has been thoroughly investigated in the biomedical
and cosmetic field [9]. However, the potentialities of the latter techniques for applying RA
on several substrates to obtain products for personal care, sanitary and cosmetic products
would require more research.

The incorporation of RA in hydrosuspendable biopolymers can easily be realized
through casting techniques under water evaporation, as proposed by Ge et al. [115], who
prepared gelatin films containing RA. In any case, polymers efficient in packaging are
thermoplastic hydrorepellent. The incorporation of RA in such thermoplastic bulk material
requires further investigation into the correct methodologies for melt blending and extru-
sion. Recently, Coiai et al. [156] have studied the dispersion of RA and salicylic acid (SA)
binanosystems based on different LDHs in LDPE, a polymer widely used in packaging
applications. The good dispersion results, the final anti-microbial properties towards
Staphylococcus aureus and the controlled release kinetic of the obtained films evidenced
that these bionanosystems are good intermediates for obtaining interesting functional
biomaterials that could be exploited in packaging and other applications.

In recent years, significant improvements and developments have been made in algae-
based polysaccharides with increased focus on ulvan. Demand for renewable resources
and a unique polymer matrix is increasing and innovative approaches are required in
modern formulations, for aquaculture, food packaging or biomedical applications such as
drug delivery, wound dressings, tissue engineering and antimicrobial coatings. Marine
sulfated polymers such as ulvan (Figure 12) represent a potential inexpensive resource for
these applications and the large number of articles published on this topic in the last two
to three years highlights its great importance [67,72].

Suitable bionanosystems incorporating ulvan can be available as solid powders, liquid
suspensions or gels, as described in Section 4.2.

In order to prepare functional materials suitable for producing final products pro-
duction, it is reasonable to consider the aggregation state of the addressed final products.
Moreover, techniques that allow a suitable amount of bionanosystems to be deposited on
the material should be selected.

Certainly, bionanocomposites should be easily dispersible in the final products. Com-
patibilizers, as well as specific techniques to graft them on solid surfaces, can allow more
effective results, including good homogeneity and addressed properties.
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Figure 12. Schematic representation of the ulvan sources leading to different applications sectors and
functional biomaterials.

In the case of ulvan, possible grafting with polymers was studied by Morelli et al. [180].
They grafted a few acrylic monomers onto ulvan through esterification reaction between the
hydroxyl groups of ulvan and acryloylchloride. At this point, ulvan was transformed in a
macromonomer that could be polymerized with poly(N-isopropylacrylamide). The authors
obtained thermosensitive gels quite interesting for biomedical applications. However,
the methodology they followed is quite general and may allow ulvan to be grafted on
the polymers synthesizable by polyadditions. Thus, this is a route to produce several
compatibilizers that may allow ulvan to be incorporated into several polymeric materials,
both for liquid (varnishes, coatings, etc . . . ) or solid applications (tissues, films, etc . . . ).

In general, Morelli et al. [181], working on cosmetic applications of ulvan, suggested
that the dispersion of ulvan in oil in water emulsions, typical of cosmetic products such as
body creams, can be facilitated using specific techniques such as ultrasounds.

Interestingly, Gadenne et al. [182] grafted ulvan on metal surfaces. Ulvan was co-
valently immobilized on titanium surfaces which had been previously functionalized by
self-assembled monolayers of aminoundecyltrimethoxysilane (AUTMS). This latter worked
as a primer coating on the metal. Anti-adhesive properties of titanium implants for biomed-
ical applications were improved thanks to the surface grafting of ulvan. On the other
hand, inhibition of marine fouling on surfaces has been a critical issue in marine industries,
as severe adhesion of marine foulants on the surface of marine vessels eventually leads
to increased fuel consumption. Marine fouling resistance was significantly enhanced by
ulvan. This aspect was also investigated by Jeong et al. [183]. To achieve this, a solid titanium
surface was treated with plasma to insert hydroxyl groups by immersion into an ethanol
solution of (3-aminopropyl) triethoxysilane (APTES). In situ polycondensation of APTES
followed by covalent bond formation with ulvan allowed obtaining monolayer coatings that
reduced of 60% the adhesion of diatom on the surface with respect to not-treated surfaces.

Membranes based on ulvan suitable for wound dressing applications were developed
using a diepoxide (1,4-butanediol diglycidyl ether) cross-linking agent by Alves et al. [184].
In biomedical applications, and specifically in wound care, the use of ulvan hydrogel is also
very promising, as recently evidenced by Sulastri et al. [185] in their review. The authors
evidenced the necessity of performing further research on ulvan hydrogel applications and
in vivo studies to facilitate a wider use of this material.
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6. Conclusions

This study discussed the sources and the extraction methodologies for obtaining ros-
marinic acid (RA) and ulvan, starting with its sources, continuing to discuss its extraction
methodologies, bionanosystems and its production, before analyzing its final applications
(Figure 1). The resulting evidence demonstrated the high potentialities of both rosmarinic acid
(RA) and ulvan as useful functional agents in several applications, ranging from biomedical,
pharmacologic, cosmetic, and food packaging, as well as personal care and coatings.

RA is a small molecule that can be obtained by many terrestrial plants; hence its
production could be increased considering agricultural products and their possible discards
and waste. Several extractions methodologies were, up to now, studied that demonstrated
the possibility of obtaining RA from several sources with a high yield and desired purity,
despite the fact that its production is not yet performed with mature industrial technologies.

Ulvan is highly available from marine sources and its extraction was also investigated
by several authors, but, despite its very interesting potentialities, industrial plants able to
produce it in high amounts are not yet available, and this constitutes a current limitation to
the wide use of this biopolymer.

The production of bionanosystems is fundamental for RA and can be incorporated
in organic or inorganic substrates, granting high stability and a release control of the
functional molecules during its use, thus enhancing its functional properties thanks to the
exploitation of nanotechnology. Ulvan can be used as a carrier, or combined with molecules
or biopolymer-like chitin derivatives.

Both RA and ulvan can develop negative charges which are able to determine their
capacity to form bionanosystems or hybrid functional materials through nano-assembly by
their combination with inorganic or organic systems, characterized by positive charges such
as LDH or chitosan. This interesting behavior can certainly allow their use in the production
of several functional biomaterials and in biobased products with high performances in a
wide range of industrial sectors. The anti-microbial properties shown by both RA and ulvan,
combined with their environmentally friendly feature, could be exploited in several products,
considering also the COVID-19 pandemic that has currently enhanced this general necessity,
thus combining the health and environmental needs of green-minded consumers.
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