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Preface to ”Preparation, Physico-Chemical Properties
and Biomedical Applications of Nanoparticles”

The capability to produce nanoparticles in the same size domain as proteins has led to a wide

range of applications in the biomedical field, for example, nanoparticle-based strategies for optical

diagnosis, cancer therapies, nanomedicine, contrast agents, nano-carriers as a vehicle for nucleic acid

delivery, gene and drug delivery systems, and nano-biosensors, to name but a few. The various

applications require precisely defined nanoparticle characteristics related to reaction conditions,

particle morphology, chemical composition and crystallinity, which can be tailored by fabrication

strategy, either “top-down” or “bottom-up”. Special attention is paid to “green synthesis” techniques

and eco-friendly protocols. To manufacture nanoparticles of appropriate size and form, organisms

ranging from primary bacteria to very sophisticated eukaryotes may all be employed. On the other

hand, fungi and plant extracts for manufacturing nanoparticles are affordable, readily scaled up, and

environment-friendly. Moreover, plant extracts possess the ability to generate nanoparticles with a

specified size, shape and content, with high potential to be employed in current medical processes

such as fluorescent labelling in immunoassays, targeted administration of therapeutic medications,

hyperthermia, and as antibacterial agents.

Even if rapidly developing nanotechnologies offer many benefits, possible toxicity, as a side

effect, has to be considered not only to prevent nanoparticle intoxication, but to prepare custom-made

health treatments. Nanotechnology has penetrated various fields such as drug delivery and other

biomedical applications. Moving these things out of the lab and into the real world is the only way

to bring them to life.

Nowadays, the impact of nanotechnology on applications in medicine and biomedical sciences

has broader societal and economic effects, enhancing awareness of the business, regulatory, and

administrative aspects of medical applications. The selected papers included in the present

Special Issue gives readers a critical, balanced and realistic evaluation of existing nanomedicine

developments and future prospects, allowing practitioners to plan and make decisions.

The topics covers the use of nanoparticles and nanotechnology in medical applications including

biomaterials for tissue regeneration, diagnosis and monitoring, surgery, prosthetics, drug delivery

systems, nanocarriers, and wound dressing.

I would like to express my gratitude to all contributors to this issue, who have given so much of

their time and effort to help create this collection of high quality papers.

Simona Cavalu

Editor
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Abstract: A novel strategy to improve the success of soft and hard tissue integration of titanium
implants is the use of nanoparticles coatings made from basically any type of biocompatible substance,
which can advantageously enhance the properties of the material, as compared to its similar bulk
material. So, most of the physical methods approaches involve the compaction of nanoparticles versus
micron-level particles to yield surfaces with nanoscale grain boundaries, simultaneously preserving
the chemistry of the surface among different topographies. At the same time, nanoparticles have
been known as one of the most effective antibacterial agents and can be used as effective growth
inhibitors of various microorganisms as an alternative to antibiotics. In this paper, based on literature
research, we present a comprehensive review of the mechanical, physical, and chemical methods for
creating nano-structured titanium surfaces along with the main nanoparticles used for the surface
modification of titanium implants, the fabrication methods, their main features, and the purpose of
use. We also present two patented solutions which involve nanoparticles to be used in cranioplasty,
i.e., a cranial endoprosthesis with a sliding system to repair the traumatic defects of the skull, and a
cranial implant based on titanium mesh with osteointegrating structures and functional nanoparticles.
The main outcomes of the patented solutions are: (a) a novel geometry of the implant that allow
both flexible adaptation of the implant to the specific anatomy of the patient and the promotion of
regeneration of the bone tissue; (b) porous structure and favorable geometry for the absorption of
impregnated active substances and cells proliferation; (c) the new implant model fit 100% on the
structure of the cranial defect without inducing mechanical stress; (d) allows all kinds of radiological
examinations and rapid osteointegration, along with the patient recover in a shorter time.

Keywords: titanium cranioplasty; endoprosthesis; patented solutions

1. Introduction into Cranioplasty and Craniofacial Reconstruction Using Titanium Meshes and
Plates for Major Cranial Defects

As a result of traumatic injuries, congenital deformities, decompressive craniectomies, or bone
flap loss due to infections, cranioplasty is performed as a neurosurgery procedure to reshape the
imperfections of the skull, with both cosmetic and functional outcomes. This surgical intervention
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has a long history, dating back to 3000 B.C., according to archeological findings [1]. In 19th century,
the use of bone from different donor sites (allographs), such as the ribs or tibia, gained wide population,
following the successful case of reimplantation of cranial bone reported by Sir William Macewen in
1885, promoting autografts for cranioplasty [1]. In autograph or autologous cranioplasty, the patient’s
own bone flap is stored and reused in during the waiting period, in order to perform bonny closure [2,3].
This technique evolved at the same time with the beginning of modern general anesthesia, but has been
abandoned due to high infection and absorption rates. Military conflicts all over the world have proved
the necessity for advanced techniques in cranioplasty, requiring immediate treatment with immediate
decompressive craniectomy, careful brain debridement, followed by watertight dural repair [2].

The reconstruction of the large cranial vault defects thus continues to be a challenge to craniofacial
surgeons and neurosurgeons. Solutions to the challenging problem of repairing skull defects continue
to evolve in order to improve patient outcomes. Although autologous bone is still considered the gold
standard in cranioplasty, via the replacement of previously removed bone flap, alloplastic material is
indicated in difficult situations when autologous bone in unavailable, such as graft infection, resorption,
or insufficient donor site availability [4]. Cranial reconstruction using bone grafting techniques,
although ideal from the perspective of immunological compatibility, has many disadvantages, such as
complex and intense surgical work, time consumption, and high resorption rate [5]. It has been
reported that, in the pediatric population, a much higher bone absorption rate was noticed compared to
adults when autologous bone was used [6]. Although many different methods have been described in
literature, using autologous or alloplastic material, there is still no consensus on which method is better,
and continuous multidisciplinary researches are conducted aiming to develop the ideal reconstruction
materials. However, there is a general consensus about the features of an ideal material to be used in
cranioplasty [7–9], including:

• perfect fit into the cranial defect in order to get fast and complete closure
• radiolucent
• resistance to infections
• heat non-deformable
• strengths comparable to that of the surrounding bone
• biomechanical resistance
• easy to manipulate and contour
• inexpensive
• fast application

PMMA (Poly-methylmethacrylate), introduced in the 1960s [10], is a polymerized organic
compound of acrylic acid, which can be used either prefabricated, hand-formed, or templated.
Being easy to shape, lightweight, and radiolucent, it gained large popularity in recent decades as
the most frequently used material for skull reconstruction [10]. Even if the long-term results of
PMMA cranioplasty have generally been acceptable, there are some limitations of PMMA, including
its exothermic setting reaction (between 70 and 120 ◦C, which may cause thermal necrosis of healthy
bone, and hence additional surgical procedures are required for such saturation with saline solution
for protection) and the osteolysis induced by unpolymerized MMA (methylmetacrylate) monomer.
Moreover, in vivo fibrous encapsulation may occur as PMMA does not chemically bond to surrounding
tissue [11]. However, the possibility of using prefabricate or template patient specific PMMA implants
clearly demonstrates their benefits, avoiding the risk of thermal or chemical necrosis [4].

Titanium cranioplasty using meshes and plates gained large popularity for the reconstruction of
moderate to large-sized defects, being readily available and providing strong and malleable mechanical
features to be shaped intraoperatively [12]. Unalloyed titanium for implant applications is available in
grades 1 to 4, according to a concentration of impurities: 0.2–0.5% Fe and 0.18–0.4 % O2 [13]. Titanium
is also compatible with magnetic resonance imaging scans [6]. Other favorable properties of titanium
mesh for cranioplasty are the stimulation of the bone ingrowth, based on the concept of osteointegration
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and osteoinduction [14] and its resistance to corrosion from bodily fluids. The standard mesh is a
square of 90/90 mm and a thickness of 2.5 mm, which can be easily manipulated by cutting and shaping
according to size of the defect. The fixation system is comprised of helically threaded micro-screws,
with a screw head of 3 mm in diameter, with at least four points of anchorage [15], but in the case of
larger defects, additional fixation points for anchorage are made for optimum geometry. In Figure 1
are presented the surgical details of classical titanium cranioplasty, with the placement and fixation of
titanium mesh.
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Figure 1. Intraoperatively, surgical details of titanium cranioplasty procedure in the case of a large
defect (from private collection of Assoc. Prof. Aurel Mohan).

However, adjacent titanium screws for fixation, which is achieved through self-anchoring screws,
may cause excessive tension in the titanium mesh, producing titanium mesh edge tilt, temporal muscle
compression, and pain [16]. Moreover, titanium cranioplasty (using classical meshes or plates) is
associated with a significant risk of complications. There are some large studies in the literature
reviewing the complications of titanium cranioplasty which report complication rates as high as
34% [17] in terms of infection, poor cosmesis, haematoma, headache, and seizures, often necessitating
re-operation and plate or mesh removal [17,18]. For example, the study performed by Hill et al. [18]
aimed to determine the risk factors of complications following TC (titanium cranioplasty), in a
heterogeneous population with various demographic features, taking into account the sizes of
cranioplasty. They concluded that infection, seizures, and haemorrhage were the commonest reported
complication, while skull defect size was considered to be a determining factor. Instead, the size-related
cranioplasty was directly correlated to the hospitalization time. In a similar study conducted by
Mukherjee et al. [17], the authors concluded that, besides the size of defect and the traumatic aetiology,
the timing of cranioplasty may be important, with late (>12 months) TC associated with a higher rate
of complications.

Titanium mesh or plates can be used in cranioplasty either alone or in conjunction with other
synthetic materials, such as hydroxyapatite, calcium phosphate, and polyethylene. With commercially
available materials such as Medpor Titan [19], a thin sheet of titanium mesh was embedded in
a high-density porous polyethylene implant, with better malleability being easily shaped with
scissors. This combination provided a fast and effective method for pterional reconstruction
after frontotemporal and orbitozygomatic craniotomy, with excellent cosmetic results and patient
satisfaction [19]. However, the use of this material in other cranio-anatomical sites or in large defects is
not reported. The combination hydroxyapatite-titanium mesh has the advantages of high capacity
for osteoconduction and osseointegration, but a high rate of infection was reported when placed in
contact with the frontal sinus [20].
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Nowadays, one of the strategies adopted in order to overcome the drawbacks and limitations in
classical TC is the choice of PEEK (polyetheretherketone) custom implants, prefabricated according to
3D computed tomography and digital modeling of both the cranial defect and the surrounding skeleton,
also named “patient-specific implant”. Besides the aesthetic outcomes, there are several advantages to
using prefabricated implants for cranioplasty, such as decreased surgical complexity and operative
times, which consequently minimize the exposure and risk of contamination [21]. This approach
offer a precise fit, along with strength, stiffness, durability, temperature resistance, and radiolucency.
However, their high costs might be prohibitive, especially in the case of large defects. Moreover,
according to a very recent study performed by Rosinsky et al. [22] infection rates are higher among
patients receiving custom implants compared to those receiving titanium meshes, but their long-term
complication profile remains to be studied. Therefore, the ideal method for alloplastic cranioplasty
with large defects would enable a cost-effective implant choice with the possibility for intraoperative
modification, including the cases of tumor resection in which the size of the skull defect is unknown
preoperatively, and hence prefabricated implants cannot be used.

This aim of this review is to emphasize the main reasons why titanium mesh is preferred for large
skull reconstructions, along with the importance of developing innovative surface structures with
a dual benefit: improved osteointegration and enhanced antibacterial activity to reduce the risk of
post-surgical infection. Based on literature research, a comprehensive review was conducted on the
mechanical, physical, and chemical methods for creating nano-structured titanium surfaces along with
the identification of the main nanoparticles used for the surface modification of titanium implants,
the fabrication methods, their main features, and the purpose of use.

2. The Importance of Nano-Structured Surface on Titanium Implants

Titanium is the most employed implant material for cranial and maxillofacial applications owing
to a specific combination of strength and biocompatibility. Its excellent corrosion resistance in body
fluids and mechanical properties that closely match human cortical bone in terms of Young’s modulus
(E = 100–110 GPa for pure titanium grade II), resulting in smaller stress shielding compared to other
biometals, are the main features taken into account in developing new and versatile implantable
devices [23]. Being a bioinert material, it hampers tissue integration, leading to a short lifespan.
In Figure 2, metallographic aspects related to the surface analysis of titanium mesh samples are
presented using different microscopic techniques.
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Figure 2. Surface properties of Ti mesh for cranioplasty evidenced by different microscopic techniques:
(a) light microscopy image in phase contrast, longitudinal section, 500×, Kroll reagent; (b) Scanning
Electron Microscopy 2000×; (c,d) 3D and 2D Atomic Force Microscopy images; (e) contact angle
investigation on the surface of the titanium mesh.
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So, strong efforts have been made to develop innovative, suitable implant surface structures,
with the aim to promote osseointegration and to prevent periprosthetic infection. Following the rule of
“smaller, faster, cheaper”, nanopatterning with dimensions smaller than 100 nm has encountered clinical
applications in orthopedics and traumatology [24,25]. Many studies in the literature have reported
that nanometer-controlled titanium surfaces can be fabricated by a variety of surface modifications
techniques, including mechanical, chemical, and physical methods, or a combination of these [25–32].

2.1. Mechanical, Physical and Chemical a Methods for Creating Nano-Structured Titanium Surfaces

Nowadays, there are commercially available cranial titanium implant whose surface is modified by
mechanical methods (either machined or grit blasting), or attrition for obtaining nanophase materials),
chemical methods (acid or alkali treatment, electrochemical processes, sol-gel, biochemical treatment),
and physical methods (thermal or plasma treatment, coatings), or by their combination. Table 1 contains
an overview of the commonly applied methods to modify titanium surface structures into micro-
or nano- scale for applications in the field of cranio and maxillofacial surgery.

Table 1. Mechanical, physical and chemical methods used for surface modification of Ti implants for
cranial and maxilofacial surgery.

Mechanical Methods

Technologies Texture/Roughness Size Outcome/Reference

Machining
Grinding
Blasting

~1 µm, rough surface formed by
subtraction process

Specific surface topographies.
Improved adhesion and bonding.

Auxiliary method to remove
contamination. Rarely

solely used [25–32]

Shoot peening 20–80 nm grains on the surface Improved fatigue resistance,
hardness and wear [33,34]

Friction stir processing (FSP) <1 µm, ultrafine grained surface

Improved sliding friction and
wear resistance. Incorporation

of AgNPs, Zn with
antibacterial effect [34,35]

Attrition <100 nm grains on the surface

Improved tensile properties and
surface hardness, higher

hydrophilicity, better biological
affinity [24,36,37]

Hydrothermal
& pressure (HPT)

flake-like titanate layer on Ti
substrate, pore size of 300–600 nm

Minimize the time-consumption
and the manufacturing cost.

Enhance the in vitro cell-material
interactions [38]

Physical Methods

Technologies Texture/Roughness Size Outcome/Reference

Thermal (flame or plasma) spraying ~30 to ~200 µm of coatings, such as
TiO2, HA, CaP, Al2O3, ZrO2, TiO2

Improved wear/corrosion
resistance and biocompatibility

[24,39–41]

Physical vapor deposition:
evaporation, sputtering, ion plating

<1 µm, TiN, TiC, TiCN, TiO2,
amorphous carbon films, full

density

Improved wear/corrosion
resistance and blood compatibility

[34,36,42,43]

Ion implantation and deposition ~10 nm of surface modified layer
and/or thin film such

Improved hardness, wear,
fatigue/corrosion resistance

as Ti–O, Ti–N films and blood compatibility [44,45]

Plasma treatment <100 nm, TiO2, TiN, TiOH, TiCN
layers, full density

Clean and sterilize surface,
remove native oxide layer.

Improved hardness, wear and
corrosion resistances, fatigue limit

and biocompatibility [46,47]

Plasma polymerization Not reported Bioactive surface. Improved
cell adhesion [48]
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Table 1. Cont.

Chemical Methods

Technologies Texture/Roughness Size Outcome/Reference

Acidic treatment
(HF, HCl, H2SO4) ~10 nm oxide layer on the surface

Remove oxide scales and
contamination. Used in
combination with other

treatments (blasting), higher
roughness promoting

osteoblasts attachment [49,50]

Alkali treatment (NaOH, KOH) ~1 µm sodium titanate
gel on the surface

Improved biocompatibility,
bioactivity or bone
conductivity [32,51]

Hydrogen peroxide
treatment

Inner oxide layer <10 nm; outer
porous oxide layer up to 40 nm

Improved biocompatibility
or bioactivity [34,52]

Passivation
treatment (nitric acid,

phosphoric acid)

~2–30 nm oxide layer dominated
by TiO2, uniform, full density

Enhanced corrosion, resistance
and wear resistance, better

bioactivity compared to
mechanical treatment [34,53]

Electrochemical methods
(anodization, electrodeposition)

~10 nm–10 µm uniform,
controllable thickness of TiO2

layer; adsorption and
incorporation of electrolyte anions

Improved adhesive bonding,
corrosion resistance,
bioactivity, specific

surface topographies [54,55]

Chemical vapor deposition
~1 µm of TiN, TiC, TiCN, diamond
and diamond-like carbon thin film,

nearly full density

Extremely high hardness and wear
resistance compared with Ti

substrate. Improved corrosion
resistance and blood
compatibility [56,57]

Sol-gel <10 µm of thin ceramic coatings,
such as Ca3(PO4)2, TiO2, SiO2

Highly homogeneity and
improvement in bioactivity [58,59]

Biochemical methods (by soaking-
peptide, proteins immobilization,

functional molecules, drug loaded)

self-assembled monolayers, does
not ensure controlled deposition

Improved bioactivity,
biocompatibility, and/or

antibacterial functions [60,61]

The mechanical techniques, like grinding, polishing, machining, or blasting, have the main
objective to obtain specific surface topographies designed to improve the adhesion of bioactive
molecules and to accelerate the biomineralization as a result of increased surface area. There are
some disadvantages in the case of metallic materials, as machining usually produces deformations,
while blasting and grinding procedures can induce abrasive pollution on the implant surface [31].
While the classical machining technologies, grinding and polishing are used to remove the contaminated
surface layers and to obtain a low surface roughness, and sandblasting is used with the aim to obtain a
rough surface with functional topographies, depending on the pressure of the air jet and the particles
morphology. For this reason, these classical methods are rarely solely used, due to the limited
improvements in terms of surface properties.

The attrition technique is an alternative to fabricate nanophase surface layers on titanium of
commercial purity which improve the tensile properties and surface hardness, rough morphology,
and higher hydrophilicity [24,31]. As an evolutionary technology from sandblasting, shot peening
can be used for surface-modified layers with refined grains at about 25–80 nm, with improved
corrosion resistance [34]. Friction stir processing and attrition treatment are also advanced mechanical
technologies used in order to obtain ultra-fine Ti grains with better biological affinity compared with
coarse Ti grains, in a simple and economic way. On the other hand, conventional physical methods
require expensive equipment that can produce a flame or plasma arc with high-speed gas flow and
temperature between 1700 and 2700 ◦C (flame) in order to produce uniform coatings of hydroxyapatite,
CaO–SiO2, CaO–MgO–2SiO2, TiO2, and Al2O3 [24,34].

The plasma polymerization technique is an alternative method used to produce a bioactive surface
on Ti substrates with the aim of the better immobilization of bioactive molecules, such as DNA, heparin,
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and glucose oxidase [48]. NH2 and COOH based plasma polymers are most commonly used since
these groups are known for their good chemical reactivity, or alternatively used for bacterial adhesion
and biofilm prevention by coating the substrates with a suitable antibacterial agent (AgNPs). However,
their aging and stability remain major issues for biological applications [48] along with the possibility
of cracks occurrence during the remelting and solidification on the surface and low bond strength of
the bioceramics coatings with substrates [34]. In order to produce a nano-scale texture on a titanium
surface, physical vapor deposition techniques (including evaporation plating, ion plating, sputtering)
alone or in combination may offer a variety of textures suitable for medical applications, but the
best results were reported for plasma/ion implantation and deposition [24,34]. Even if sputtering is
preferred for medical applications, due to its flexibility and ease of use, the physical methods and
techniques are generally considered expensive, requiring complex systems and very high qualified
technicians. The advanced physical techniques are continuously improved, reaching 1~10 nm of the
surface modified layer, for improved wear resistance, corrosion resistance, and blood compatibility.
In comparison with physical methods, chemical and electrochemical treatments are more affordable,
being produced based on redox reactions.

Chemical methods include acidic or alkaline treatments [32,62], hydrogen peroxide treatment [63],
chemical vapour deposition [64], electrochemical techniques (anodic oxidation) [65–67], and biochemical
techniques for biomimetic coatings [68–72]. These techniques are able to produce specific surface
topographies for improved corrosion resistance, improved biocompatibility, bioactivity, or bone
conductivity. By tailoring the anodization conditions, different nanostructures can be obtained in terms
of nanotubes, nanopores with a hole morphology, or nanochannels with different diameters from 15 nm
up to 300 nm and different lengths, as Roy et al. [70] reviewed, pointing to the mechanisms involved in
anodization and recent advances in the formation of nanostructured titanium surfaces. Oxide films
prepared on Ti and Ti alloys by chemical and electrochemical treatments show complicated surface
morphologies with nanostructures, among which the composite coatings proved their versatility due
to their multiple functions or better properties [34]. For example, sol-gel deposition ensures the control
of the purity and chemical composition of highly homogeneous films using simpler equipment and
at lower cost compared to physical techniques. For biomedical applications, calcium and phosphate
ions can be incorporated into nano sized anodic oxide films using an electrochemical setup. Moreover,
by ailoring the anodization conditions, TiO2 nanotubes with a diameter ranging from 15 to 300 nm
can be obtained on the surface, with favorable properties, such as better adhesion, proliferation,
ALP (alkaline phosphatase) activity, and bone matrix deposition [54,55].

The available biochemical techniques for treatment of titanium implant surface are: (i) physico-
chemical adsorption, (ii) covalent binding of a specific biomolecule, and (iii) peptide inclusion into
a carrier material. The specific cells response can be tailored by the means of surface immobilized
peptides, proteins, or growth factors, but the main drawback remains in terms of not ensuring a
controlled deposition. Moreover, with the Ti substrates, being bioinert in nature, a supplementary
treatment is necessary before immobilization of peptides or proteins, such as plasma polymerization,
in order to activate the titanium surface [34]. Also, antibiotics and or/growth factors can be incorporated
into the surface layer by applying a combination of surface treatments to obtain multifunctional coatings
for biomedical applications.

2.2. Improved Biological Properties of Nano-Structured Surfaces

In terms of mechanical properties, the surface modifications summarized in Table 1 will result in
important achievements, such as improved wear, fatigue, and corrosion resistance. It is well known
that the wear resistance of coatings materials is basically determined by the microhardness and elastic
modulus. On the other hand, corrosion is one of the critical issues in biomaterials science. When in
contact with biological fluids, titanium metallic atoms are transformed into cations, and develop a
passive film by reacting with OH− and, hence, act as natural corrosion protection of the underlying
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substrate. An appropriate surface modification is aimed for to retain the natural properties of
underlying bulk Ti substrates as well as to improve their anti-corrosion potential.

Besides the wear and corrosion resistance improvement upon different surface treatments,
the expected bioactivity should be taken into account when selecting an appropriate surface modification
technique. The prediction of the bone response to a nanostructured titanium surface is very difficult
and many factors have to be taken into consideration, as the osseous cellular interactions at the implant
interface are complex process. Bones have multiple and various functions, and hence the mechanism
underlying bone biomaterial-mediated osteogenesis is conducted with the cooperative participation
of the host immune cells, the host bone cells, and the material itself, being directly correlated to the
biochemical and biomechanical characteristics.

It has been demonstrated that topographical features of the implant surface are the determinant
factor with respect to the cellular response [73,74]. Bone is a hierarchically structured material and
highly anisotropic. The bone tissue itself consist of nanoscale architecture: osteocytes (bone-forming
cells), collagen (type I) fibrils (the organic matrix), and hydroxyapatite (the inorganic bone component)
are all nano-scaled structures in the range of 50–300 nm length and 0.5–5 nm width [75]. The network of
collagen-crystal nano-arrangement represents the main factor influencing the mechanical properties [75].
There is a physiological, natural phenomenon, called bone remodeling, in which a continuous process
of bone formation and degradation is balanced, in a very complex process regulated by growth factors
and cytokines [76]. Although the detailed osteogenesis mechanisms at the bone–implant interface
are still unknown, the general consensus is that the first response upon the contact with titanium
implant is wetting followed by rapid protein adsorption to its surface, depending on physicochemical
characteristics (pH, temperature, hydrophobicity, protein structure). Five distinct stages are assumed
to occur in vivo, during the interaction between Ti surface and biological milieu [24], as represented Figure 3.
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Figure 3. The main sequence of events occurring in vivo, during interaction between Ti surface and
biological environment.

In the initial stage, the negative charged small molecules are attracted by the positive charge of
titanium, followed by high molecular weight molecules with functional groups. This is a dynamic
stage, involving the physical adsorption of fibronectin, albumin, fibrinogen, and immunoglobulin IgG.
However, the in vivo competitive adsorption processes and their kinetics remain unclear. Initial acute
inflammatory reaction may occur at the final of this stage, by activation of neutrophils. In the second
stage, the nanostructured surface created by competitive protein adsorption, will promote both cellular
and bacterial attachment. The crucial factor for the initiation of osseointegration is the involvement
of healing macrophages in this stage. In the third stage, the attached cells are further fixed by
extracellular matrix anchoring proteins. Integrins acts as a primary receptor in this stage. Mesenchymal
cells, neutrophils, and macrophages are collectively involved releasing cytokines and growth factors,
which subsequently interact with fibroblasts and osteoblasts. Proliferation and cell differentiation
mediated by cytokines and specific growth factors occurs in the fourth stage. Enhanced osteoblasts
spreading and filopodial extension are characteristics on nanorough titanium surface [38,49]. Finally,
in the fifth stage, the biomineralization and osteointegration of the titanium implant occurs as a
result of local changes of the pH and accumulation of Ca2+ and PO4−. At this final level, the balance
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between osteogenesis and osteoclastogenesis is shifted towards the last one, the osteoclasts being
involved in aged bone resorption [77]. Based upon these findings, it is largely accepted that tailoring
the surface chemistry of implants opens the possibility to transform osteoconductive materials into
osteoproductive ones. Therefore, the new trend in titanium cranioplasty is oriented and designed to
modulate the immunological response while promoting the osseointegration.

3. Types of Nanoparticles Used for Surface Modification of Titanium Implants

Nowadays, it remains a challenge on the topic addressed to titanium surface modification, and the
debates are related to the fabrication methods for a nanostructured, porous titanium surface with
effective biological activity, using facile, eco-friendly, and cost-effective approaches. A novel strategy to
improve the success of soft and hard tissue integration of titanium implants is the use of nanoparticles
coatings made from basically any type of biocompatible substance, which can advantageously enhance
the properties of the material, as compared to its similar bulk material [78]. Nanotechnology has
enabled the addition of metals into their nanosize, leading to extreme changes in chemical, physical,
and optical properties of metals, as the metallic nanoparticles are the most promising agents known
for enhanced antibacterial activity. By these techniques, implant surfaces should be designed not
only to support the attachment of target tissue cells, but also to prevent bacterial adhesion. One main
strategy to decrease bacterial infiltration is to limit biofilm formation due to the initial contamination
of the implant surface. Biofilms consist of microorganism aggregates adherent to the implant surface,
comprising multiple species with high cell densities, which critically influence the implants function
and may initiate local inflammation [79]. So, most of the physical methods approaches involve
compaction of nanoparticles versus micron-level particles to yield surfaces with nanoscale grain
boundaries, preserving in the same time the chemistry of the surface among different topographies.
Based on literature research, in Table 2 are summarized the types of nanoparticles used for surface
modifications of titanium implants, the fabrication methods, the main features, and the purpose of use.

As an alternative to antibiotics, nanoparticles are known as one of the most effective antibacterial
agents, and nowadays, surface modification of titanium using antibacterial properties of metal
nanoparticles is a popular approach in clinical treatments. Antimicrobial nanoparticles used
for decorating the titanium surfaces mainly include Ag, Zn, Au, and Se [89–93], but also less
investigated antimicrobial agents such as copper, fluorine, and calcium [83,95,96]. In a recent study,
Esfandiari et al. [96] prepared Ag-decorated TiO2 nanotubes by a combined electrochemical and
UV-assisted reduction method, showing a synergetic bactericidal effect of ~100 nm TiO2 nanotubes and
20 nm Ag NPs. Besides the antimicrobial effect, nanostructured titanium surfaces (created with different
nanoparticles) demonstrated better implant fixation. Moreover, many efforts have been made to create
nano-structured roughness to simultaneously increase healthy bone growth while inhibiting cancerous
bone growth [93–95,97]. As selenium is a well-known anti-cancer chemical, nano-rough selenium was
developed for orthopedic applications, including cranioplasty, involving bone cancer treatment [92,93].
In a comparative study performed by Tran and col. [94], the authors demonstrated a superior adhesion
of healthy osteoblast on nano-rough selenium compacts versus the micro-rough ones. They proposed a
mechanism in which the initial absorption of proteins (such as fibronectin and vitronectin) was favored
by the nano-topography, followed by subsequent cell adhesion. Selenium nanoclusters were shown
to promote healthy osteoblast functions after one day of culture, and more importantly, to inhibit
cancerous osteoblast cell functions after three days of culture [94]. Recently, our research group
proposed an improvement of the surfaces [92,93], in the case of titanium mesh for cranioplasty by the
in-situ hydrothermal deposition of selenium nanoparticles obtained using an original method (starch,
glucose, and galactose were selected as reducing agents), as summarized in Figure 4a. The surface
modification (Figure 4b) may offer important benefits in terms of osteointegration, without using
additional screws for fixation and closure procedure. However, considering the toxicity of selenium at
high levels [98], a careful dosage of selenium in compacts is necessary in order to avoid unnecessary
exposure and possible toxic effects.
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Table 2. Nanoparticles used for surface modification of Ti implants.

Type of NPs Fabrication
Method Main Features/Purpose Reference

TiO2

direct oxidation
Nanofibers, nanoneedles/better hydrophilicity,

biocompatibility and antimicrobial activity,
compared to Ti6Al4V

[80]

Pulsed laser
deposition

Nanorods/Nontoxicity, ability to increase the
density of osteoblast cells on the implant,

enhanced osseointegration, anticandidal effect,
bone formation ability

[81]

Anodic oxidation

Nanotubes incorporating Ca, P and Ag/cells
migration on the Ti-based implants due to
super hydrophilic properties of crystalline

TiO2 nanotubes; apatite formation in
simulated body fluid, enhanced MC3T3-E1 cell
adhesion and proliferation, antibacterial effect

against S. aureus.

[82,83]

plasma electrolytic
oxidation

Nanostructured Zn-incorporated TiO2
coatings, grains 20–100 nm/inhibition of S.

aureus and E. coli
[84]

Al3O3

micro-arc
oxidation

Nanostructured surface for improved
microhardness and wear resistance [81,85]

dipping Nanostructured surface/promote MSC
commitment to [86]

- the osteoblast phenotype, increase in
bone-implant contact area and torque removal -

Nano
Hydroxyapatite

discrete crystalline
deposition

Complex surface morphology via the bonded
HA nanoparticles/progressive

osseointegration profiles
[78,87]

Nano-crystalline
diamond Plasma spray

Nanosized crystallites/proteins immobilization
on nanocrystalline diamond/osteoinductive

effect in irradiated bone
[78,88]

Ag NPs silanization
method

Spherical morphology, 100 nm diameter,
antibacterial and anti-adhesive activities

towards S. aureus and E. coli.
[24,83,89]

ZnO NPs EHDA spraying.
rod-shaped structure ~100 nm/significant

antimicrobial activity against Staphylococcus
aureus/early bone formation

[90]

Au Nps Magnetron
sputtering

40–80 nm thin layer of pure gold/early
mechanical fixation [91]

Se Nps Hydrothermal
deposition

Spherical, rods, wire nanostructure, using
different saccharides as reducing

agent/favorable results on RBC osmotic
fragility and fibroblasts adhesion to accelerate

osseointegration, bone cancer treatment.

[92–95]
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Osteoblast adhesion on Ti surfaces is a prerequisite for successful implant integration,
as demonstrated by in vitro studies devoted to interaction between osteoblasts and nano-structured Ti
surface. Webster et al. provided the first evidence of increased osteoblasts adhesion on nanophase
Ti compared with conventional one [99]. The explanation was related to the increased surface area
and nanoroughness which generated a better wettability and, consequently, promoted the adsorption
of hydrophilic proteins (e.g., vitronectin, fibronectin) involved in bone cell attachment. Later studies
demonstrated that osteoblast adhesion significantly increased by 33% on anodized Ti compared
with conventional Ti, accompanied by an increase in fibronectin and vitronectin adsorption [100].
With respect to the size and morphology of the surface, Oh et al. [101] demonstrated that nanotube
diameter regulates stem cell differentiation. Smaller nanotubes (~30 nm) are involved in mesenchymal
stem cell adhesion, while larger nanotubes (~70–100 nm) are involved in cellular elongation and
differentiation into osteoblast-like cells. Taking into account the scale-range of bone matrix represented
by osteocytes, hydroxyapatite crystals, and collagen fibrils, respectively, 50–300 nm in length and
0.5–5 nm in width, the designed implant surfaces must fit the physiological milieu and mimic the
growing conditions for osteogenic cells [24].

There are many controversies in the literature with respect to the effect of nanoscale topographic
details of titanium implants. It was suggested that a minimal 100 µm pore size is required for bone
tissue regeneration, while a smaller pore sized remains prone to fibrous tissue formation [84,102].
Clinical and in vivo information about these nano-size coatings and their beneficial applications is
still rare. In 1983, Branemark et al. [103] described the osseointegration as a direct structural and
functional bone to implant contact under functional load. Various animal models were performed in
order to study the enhanced osseointegration by surface treatments at the nanometer scale. Kubo et al.
observed a significant increase in bone-titanium interfacial strength after two weeks of implantation
in femur rats using Ti nanotube (300 nm) surface modification [104], while in a similar in vivo
experiment, Ogawa et al. [105] demonstrated that an increased surface area up to 40% was correlated
to higher osseointegration of nanostructured Ti compared to an acid-etched surface. A very recent
in vivo study of plasma-sprayed carbon nanotube (CNT)-reinforced hydroxyapatite (HA) coating
on titanium implants embedded in rodents’ bone demonstrated that CNT addition induces higher
osseointegration as compared to HA [106]. In this case, another important evidence of implant
mechanical integrity was proven by the similar value of elastic modulus of the newly grown bone
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compared with the distant bone. In another study, a 40–80-nm thin layer of gold nanoparticles was
deposited by the magnetron sputtering technique on a porous Ti surface [91] and inserted in the
proximal region of the humerus in canines. This study suggests that early biomechanical fixation
was influenced by the gold nanostructured coating, pointing out that released gold ions are able
to reduce the inflammatory process. However, the authors concluded that a long-term study is
necessary to highlight the anticipated anti-inflammatory effects of the coating. A multi-database
systematic literature review was conducted by Bral and Mommaerts [106] with the objective to provide
a structural review of the fabrication techniques to produce a CaP coating with good in vivo results
compared to micro-CaP–coated and uncoated titanium implants. This study was elaborated based
on twenty-eight papers consisting of both animal models and human studies. Once again, it was
demonstrated that titanium implants coated with nano CaP and nano-hydroxyapatite improves
implant fixation, based on histomorphometrical healing properties. They also concluded that not
all coating techniques have beneficial effects on biofunctionalization. Several factors might have a
crucial importance in successful biofunctionalization: implant nano-roughness, coating thickness,
calcium phosphate solubility, and nanotopography. However, the nano-HA pro-mimic coating
has exhibited good results in vivo, in an animal model and in human studies involving early and
intermediate healing periods [106]. Either chemical or physical deposition techniques proved to be
effective methods for producing versatile and biocompatible nanostructured coatings with different
chemical and morphological properties to promote a better bone tissue response. By tailoring the
surface of titanium implants for cranioplasty and related fields, the results may contribute to the
general efforts dedicated to continuous improvement of nano-biomaterials, opening new possibilities
for long-term development and strategies in nanomedicine [93,107].

4. Patented Solutions to Improve Osteointegration of Cranial Implants

4.1. Cranial Endoprosthesis with Sliding System

The invention relates to a cranial stent with a sliding system, used for the repair of traumatic
defects of the skull, through the cranioplasty surgical procedure.

Currently, the most used medical devices for cranioplasty are: plaques, nets, distractors, autografts
and allografts [107,108], fastened by screw and mini-plates. The fixation is made in relation to the
contour of the uninjured skull. The disadvantages of the above-mentioned solutions, known from
the prior art, are related to the need for customization with low cost and in the same time avoiding
additional drilling of the skull. The additive manufacturing systems evolved in parallel to the novel
medical devices and nanotechnologies in order to develop new constructive forms as close as possible
to the patient’s anatomy. Due to its advantages, the manufacture of custom implants is currently
considered to bring the highest level of benefits in terms of compliance with patient needs [106].
Also, a personalized implant significantly reduces the duration of surgery and, implicitly, postoperative
complications. However, a cranial implant made by single production has high costs compared to
standardized devices on the market [108–110].

We propose one innovative solution that supposes the adaptation to the customized dimensions
of a patient without the need to process specific anatomical data and the manufacture of a unique
cranial prosthesis. The cranial prosthesis, with a sliding system that consists of an upper sliding layer,
a lower sliding layer, and a fixing system, eliminates the mentioned disadvantages, as the sliding
system can be manufactured in several types of dimensions for the repair of cranial defects of different
sizes and shapes (Figure 5). Also, the newly proposed solution solves the problem of complications
arising from the perforation of the cranial box when fixing classic implants. The fixation in the case of
cranial endoprosthesis with a sliding system is achieved by the constructive form of the stent, through
a fixing system with clamps.
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Figure 5. Left panel- Components of the cranial endoprosthesis with sliding system: Upper sliding
layer 1O; lower sliding layer 2O; fixing system 3O. The sliding layers 1O and 2O are composed of multiple
mobile cells with sliding system 4O; Positioning of the stent in relation to a schematic model of the
cranial box 5O; Conjugate sliding system 6O. Right panel-The assembly of the mobile cells to obtain
constructive anatomical curvature in order to facilitate customization.

The main advantage of the newly proposed cranial prosthesis with a sliding system consists
in the adaptation of the prosthesis to various dimensions of the cranial defect, hence facilitating
the serial production while maintaining the character of customization according to the patient’s
anatomy. The fixation system does not require drilling the patient’s skull. In this way, post-traumatic
complications are avoided, the duration of fixation is minimized, and consequently, the duration of
entire intraoperatively procedure is also reduced, promoting a faster patient recovery.

The cranial prosthesis with sliding system consists of an upper sliding layer, a lower sliding
layer and a fixing system, the sliding layers being composed of mobile cells (they have a general
parallelepiped shape with connected edges, but can have any other shape that allows for the execution
of the sliding movement, such as: spherical, cylindrical, prismatic, pyramidal, etc.) with the sliding
system. For assembly, the lower sliding layer is positioned in a non-slided state, tangential to the lower
surface of the skull, while for sliding and engaging the moving cells in the lower layer, an actuating
key is required. On the side of the movable cells, the conjugate gear surfaces are provided, which come
into contact with the actuating key for engaging the sliding movement. The upper and lower layers of
the mobile cells are provided with slots for the orientation and positioning of the fastening system.
The upper and lower layer has a conjugate surface for laying and orienting. The sliding movement is
performed by means of the sliding and conjugate sliding surface, the movement being transmitted
from one cell to another, propagating the sliding movement.

The assembly method of the mobile cells is shown in Figure 5 for a cranial prosthesis with overall
dimensions between 80 mm and 120 mm. The sliding layers of the stent have a constructive anatomical
curvature in three planes to facilitate customization according to the patient’s anatomy and the shape
of the traumatic hole.

4.2. Titanium Mesh with Novel Geometry and Functional Nano-Coating Based on SeNPs

According to the literature, complications of cranioplasties can be classified into three
main categories: (1) septic complications; (2) neurological complications; (3) cerebrospinal fluid
complications [110–116]. Infections and related complications may become dramatic, requiring special
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management with additional economic costs and prolonged hospitalization. It has been demonstrated
that the timing of cranioplasty, the size of the defect, and the biomaterial choice may also influence the
subsequent planning and post-operative management to reduce all types of complications [117–120].

In this context, the proposed solution relates to a structure surface and method for fixing
a mesh-type cranial prosthesis, executable with biocompatible titanium alloys, having functional
coatings based on selenium nanoparticles with osseointegration properties, used for cranioplasty and
reconfigurations of major cranial defects caused by accidents, birth defects, and surgery due to tumor
extractions or other cranial diseases. The disadvantages of titanium implants for cranioplasty are
represented by the fixing system with titanium screws, as well as the absence of osseointegration,
due to the inert character of titanium and its alloys in contact with human hard tissues.

The advantages of the cranial implant with osteointegration structures and functional coatings
are based on mimicry, related to the basal cells with a spider web geometric structure, and geometric
elements characterized by sharp angles, which favors the capillarity process for long-term
maintenance [121–123]. Moreover, the particles deposited on the surface will promote osseointegration
allowing for the fast restoration of human ordeal. Se nanoparticles are produced by eco-friendly
processes, avoiding the use of harsh, toxic, and expensive chemicals [124]. Also, the system of alternating
rigid and flexible bridges allows for the adaptation of the cranial implant with osseointegration
structures to the patient’s anatomy, maintaining the necessary mechanical strength characteristics.

As presented in Figure 6, the first constructive form of the osseointegration module consists
of stratified basal cells and two rigid bridges arranged symmetrically on the diagonal of the
osteointegration module. Basal cells are connected by a resistance structure. The same resistance
structure connects all four basal cells, over the entire height of the osseointegration module. The rigid
bridge consists of two connecting units and two resistance pillars with a semicircular contour.
The resistance pillar is arranged symmetrically on the diagonal of the module, on the entire height
of the osseointegration module, connecting all four basal cells. The connecting units, which together
form the rigid bridge, are arranged alternately on the first and third layers of the basal cells in the
osseointegration module.
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Figure 6. The components of the modular system. Left panel-stratified basal cells, the rigid and flexible
connectors. Right panel-the arrangement of modular cells in alternately configuration, so that all rigid
connecting bridges align in the S1 direction, while the flexible ones align in the S2 direction.

The second constructive form of the osseointegration module consists of the stratified arranged
basal cells and two flexible connecting bridges arranged symmetrically on the diagonal opposite to
the one containing the rigid bridges of the first constructive form. The two constructive forms of the
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osseointegration module have similar overall dimensions. The basal cells are connected by the resistance
structure provided over the entire height of the osseointegration module. The flexible connecting bridge
consists of two connecting units connected to the basic units in the module construction. The first
connecting unit is connected to the basal cell arranged on the second layer, and the second unit to
the basal cell arranged on the fourth layer, alternately to the connecting units in the rigid connecting
bridge. The two constructive forms of the osseointegration module are alternately arranged so that all
rigid connecting bridges align in the S1 direction and the flexible connecting bridges align in the S2

direction. The two directions intersect on the longitudinal axis of the implant forming the angle α.
The cranial prosthesis with osseointegration structures, according to Figure 7, consists of the

osseointegration module 3O, the rigid connecting bridge 4O, and the flexible connecting bridge 5O.
The osseointegration module 3O consists of four basal cells and is defined in two constructive forms.
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Figure 7. Interconnected layers of the modular system. Left panel-The fixed layer 1O is assembled with
the movable layer 2O so that translations can be performed in the Ox and Oy directions, while maintaining
the position of the layer 1O. Right panel-The component elements of the cranial prosthesis presented in
isometric view, consisting of four basal cells defined in two constructive forms 3O, the rigid connecting
bridge 4O and the flexible connecting bridge 5O.

In height, the osseointegration module has dimensions between 1 mm and 2 mm, its width being
between 2.5 mm and 3.5 mm and its length between 4 mm and 5 mm. The basal cells have the same
values for length and width as the osseointegration module, and the layer thickness is between 0.1 mm
and 0.2 mm.

As a manufacturing technique, the prosthesis is made in one piece, in an already assembled
form. Primary post-processing involves detaching from the workpiece table and deburring the
support structures. The upper and lower surfaces of each osseointegration module are post-processed
with superfinishing processes and cleaned by pickling and in an ultrasonic bath. Subsequently,
it is impregnated with Se nanoparticles, which accelerates the regeneration process of bone tissue,
improving the degree of osseointegration of the cranial prosthesis with the surrounding anatomical
bone structures, as well as the antibacterial effect.

The main clinical outcome of this novel approach is represented by providing solutions in
particular cases in which the size of the cranial defect is unknown preoperatively or if the alteration
of an existing skull defect is required, such as craniectomy performed to remove bony tumors or
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osteomyelitic bone [21,113]. In these cases, prefabricated implants cannot be used. The overall clinical
benefit is reflected in saving clinical time, as a decreased surgical timeframe also means a decrease
of blood loss and anesthesia exposure time. On the other hand, tailoring the titanium surface with
functional nanoparticles offers important clinical applications due to simultaneous antibacterial and
osteoconductive activities in patients with bone healing disorders associated with rheumatoid arthritis,
osteoporosis, diabetes, or aging [25,94,96,106].

5. Conclusions and Future Perspective

Although autologous bone seems to be the standard material with the best biocompatibility
properties, being also osteoconductive and osteoinductive, it has several limitations: only certain parts
of the human body can provide an ideal bone graft, being difficult to model intraoperatively because it
does not allow perfect coverage of the intracranial bone defect. For this reason, advance research and
development of alloplastic biomaterials has become an important goal of materials science.

One can observe that, over time, there has been no ideal biomaterial developed for cranial
prosthesis used in cranioplasty. However, biomaterials with high mechanical strength, resistant to
infections, radiolucent, cheap, easy to handle and able to reintegrate into the skull, are the most used
materials in cranioplasty. Each alloplastic biomaterial used to manufacture cranial prostheses has both
advantages and disadvantages. It is important that the craniofacial surgeon, together with the medical
engineer, can make the most appropriate choice, taking into account the anatomical and physiological
characteristics of each patient and the type of trauma. Surgical replacement of bone tissue with a
synthetic material has both a protective and an aesthetic role, which is why it is so difficult to choose
a particular material for reconstruction. Although many different methods have been described in
the literature, using autologous or alloplastic material, there is still no consensus on which method
is better, and continuous multidisciplinary researches are conducted aiming to develop the ideal
reconstruction materials.

This review emphasized the main reasons why titanium mesh is preferred for skull reconstructions
along with the importance of developing innovative surface structures with a dual benefit in terms
of improved osteointegration and enhanced antibacterial activity to reduce the risk of post-surgical
infection, knowing that infections are the main complication in cranioplasty surgeries. Based on
literature research, the identification of the nanoparticle types designed for the surface modification of
titanium implants was conducted, along with the fabrication methods, their main features, advantages,
and disadvantages with respect to their purpose of use.

It has been found that performing cranioplasty with titanium mesh prostheses has decreased
infection rates in high-risk patients, such as military personnel who have suffered extensive scalp injuries
and/or craniectomy surgeries during the war in Iraq and Afghanistan. In addition, computer-aided
3D modeling was used successfully to design titanium mesh prostheses which provide an excellent
cosmetic effect, even in the case of large cranial defects.

Using the specialized software Autodesk Inventor Professional 2016, a novel intracranial prosthesis
was designed. The design is a mesh type which does not require fixing to the skull with screws.
The aim was to create a sliding system which allows for the adaptation of the cranial prosthesis to
variable dimensions of bone deficiency, respecting the patient’s anatomy, without the need for other
fastening systems (screws, wires, etc.) that would cause additional trauma or prolonged surgery
time. Different types of coatings (calcium phosphate, hydroxyapatite) can be used for this intracranial
prosthesis, with the role of facilitating and accelerating the osseointegration process.

To promote the osseointegration process, the second type of intracranial prosthesis has been
designed, whose constructive elements have a porous microstructure that promotes the absorption
of osseointegration particles (Se nanoparticles) and promotes bone tissue regeneration. Selenium
nanoparticles were proposed for developing the coatings with an osseointegration role, being fabricated
by an eco-friendly method. Thus, the NaHSeO3 salt (sodium hydrogen selenite) was used as a precursor,
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and molecules from the category of carbohydrates were used as reducing agents: starch (polysaccharide),
lactose (disaccharide), galactose and fructose (monosaccharides) [124–130].

The future in cranioplasty is related to molecular biology, which involves the application of
bone growth factors to help and stimulate bone formation in prosthesis. So, currently research
related to cranioplasty is pursuing a new approach. The mechanism by which undifferentiated
mesenchymal cells can be transformed into osteoprogenitor cells is being investigated, in order to favor
the osseointegration of intracranial prostheses. Making an intracranial prosthesis with osseointegration
properties is a complicated process that involves revascularization and bone formation in the prosthesis.
The ideal prosthesis should function as a scaffold for the progressive proliferation of blood vessels and
osteoprogenitor cells.

Through the osteoinduction process, osteoprogenitor cells should not migrate from the surrounding
tissue. Instead, they will be produced “in situ” with the help of bone morphogenetic proteins, and then
infused into a prosthesis structure. These bone growth factors could be integrated into sustained-release
polymers to stimulate cellular responses to bone regeneration, providing immediate protection of the
skull, with aesthetic benefits along the osteoconductive and osteoinductive advantages.

Also, the future belongs to the nanotechnology design, obtaining nanometric particles that can
be used in medicine to cover different types of prostheses, so that the process of osseointegration
is favored. Our work is aligned to the general efforts dedicated to continuous improvement in the
field on nano-bio-materials, opening new possibilities for long-term development and strategies in
nanomedicine, including antibacterial, osteoconductive, and osteoinductive nanomaterials, which may
offer the desired biological response.
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Abstract: Hepatocellular carcinoma is the most common liver malignancy and is among the top five most
common cancers. Despite the progress of surgery and chemotherapy, the results are often disappointing,
in part due to chemoresistance. This type of tumor has special characteristics that allow the improvement
of diagnostic and treatment techniques used in clinical practice, by combining nanotechnology. This
article presents a brief review of the literature focused on nano-conditioned diagnostic methods, targeted
therapy, and therapeutic implications for the pathology of hepatocellular carcinoma. Within each
subdomain, several modern technologies with significant impact were highlighted: serological, imaging,
or histopathological diagnosis; intraoperative detection; carrier-type nano-conditioned therapy, thermal
ablation, and gene therapy. The prospects offered by nanomedicine will strengthen the hope of more
efficient diagnoses and therapies in the future.

Keywords: hepatocellular carcinoma; nanomedicine; cancer diagnosis; targeting; smart therapy

1. Introduction

Hepatocellular carcinoma (HCC) is ranked fifth among the most common neoplasms
and ranked third among the causes of cancer-related deaths. The incidence of HCC is
on the rise in Europe and the USA, due to new lifestyle-related risk factors, such as
metabolic syndrome and nonalcoholic fatty liver disease [1,2]. The estimated five-year
survival rate of HCC is only 18%, making it one of the most lethal cancers [3]. Thus,
it is vital that this disease is diagnosed early and treated adequately, to ensure the best
outcomes for the patient. Current diagnostic and treatment methods present certain
limitations. The most commonly employed methods for the diagnosis of HCC are imaging
techniques (ultrasound, computed tomography, or magnetic resonance imaging) and
the quantification of biomarkers that are overexpressed in this pathology, such as alpha-
fetoprotein (AFP) [1]. However, imaging equipment might not be available in all clinical
facilities, and the results obtained are dependent on the user’s expertise, while AFP poses
certain sensitivity and selectivity issues [4]. Treatment methods for HCC include resection
surgery, liver transplantation, chemotherapy, radiofrequency ablation (RFA), or transarterial
chemoembolization (TACE) [3]. Resection surgery or liver transplantation are indicated in a
very small number of patients, and systemic chemotherapy has moderate results (with high
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recurrence and multidrug resistance [MDR]) and significant side effects. Local therapies,
such as RFA or TACE, have only a palliative role [5,6].

The marked increase in the number of patients diagnosed with liver cancer has
led to the development of innovative diagnostic and therapeutic technologies, includ-
ing nanomedicine. Its development was made possible by a more advanced understanding
of the mechanisms of liver cancer, and by the collaboration of teams of doctors, chemists,
materials specialists, and physicists, who have focused their research on this field. Al-
though surgery and chemotherapy are still the standard treatments for HCC, the outlook
suggests that new nano-conditioned therapies will be useful in clinical practice.

Owing to their intrinsic or artificially designed properties, nanomaterials find appli-
cations both in the diagnosis and treatment of hepatocellular carcinoma. Their unique
properties and functionalities are due in part to their size (between 1 and 100 nm), and
among them are increased biocompatibility, ability to detect early HCC, the possibility of
use in imaging and diagnosis, and their use as genic or cytostatic transporters. In the context
of diagnosis, nanomaterials can be employed for the functionalization of sensor surfaces,
increasing the sensitivity of detection for certain biomarkers, or they can be used as tracers
for imaging diagnosis. In the context of therapy, nanomaterials can be functionalized with
ligands such as antibodies or aptamers that are specific for tumor cells, thus facilitating
targeted transport of drugs directly to the tumor site, reducing non-specific toxicity and
chemotherapy resistance. Moreover, nanomaterials can be employed for theragnostic
approaches, a promising strategy that allows simultaneous therapy and diagnosis [7].

Given the burden of cancer on public health, many nanotechnology-based strategies
have been developed for the treatment of cancer. The evolution of nanotechnology for
medical applications in cancer is shown in Figure 1.
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The main types of nanomaterials used in the treatment of cancer are carbon-based
nanomaterials (nanotubes, fullerene, and graphene), lipid-based nanoparticles (liposomes),
metallic nanoparticles (gold nanoparticles), superparamagnetic iron oxide, silica-based
nanoparticles, polymers, quantum dots, dendrimers, nanoshells, etc.

In this review, the most recent advances in the use of nanomaterials in the diagnosis
and treatment of HCC will be presented. Firstly, the characteristics of the main types of
nanomaterials will be, briefly, discussed, followed by the presentation of relevant examples
of nano-mediated diagnostic (imaging, serologic, histopathologic, and intra-operatory)
and therapeutic approaches. Finally, relevant examples of theragnostic approaches for
HCC will be provided, and the future perspectives of nanomaterial applications in HCC
management will be presented.

2. Types of Nanoparticles Used for Diagnosis and Treatment

In recent years, numerous types of nanoparticles have been employed for the diagnosis
and therapy of cancers in general and HCC in particular. These nanoparticles can be clas-
sified into carbon-based nanomaterials (nanotubes, fullerene, and graphene), lipid-based
nanoparticles (liposomes), metallic nanoparticles (gold nanoparticles), superparamagnetic
iron oxide, silica-based nanoparticles, polymers, micelles, dendrimers, and virus-like parti-
cles (Figure 2). Each class presents unique properties as well as characteristic advantages
and disadvantages and can be obtained using different synthesis methods (Table 1). Since
the aim of this study was to highlight the medical applications of nanoparticles for HCC
diagnosis and treatment, the following section only, briefly, details characteristics of the
most common types of nanoparticles used for the targeted delivery or diagnosis of cancer.
For a more comprehensive view on their synthesis and characteristics, the reader is referred
to other works of the literature [8–13].

Materials 2022, 15, x FOR PEER REVIEW 4 of 22 
 

 

 
Figure 2. Different types of nanomaterials used in nanomedicine (created with BioRender.com). 

2.1. Carbon-Based Nanomaterials 
Numerous forms of carbon, such as carbon nanotubes (CNT), graphene (GRP), full-

erenes (FUL), or quantum dots have, recently, gained increasing attention from the scien-
tific community. These nanomaterials have been employed for the targeted delivery of 
drugs or for cancer diagnosis. However, there is still concern about their toxicity for both 
humans and the environment [14], so most of their cancer-related applications are limited 
to their use in the development of sensors for cancer biomarkers. Their high surface area 
and excellent electrical conductivity [15] make them suitable candidates for the develop-
ment of the electrochemical sensors used for the detection of biomarkers that are ex-
pressed in HCC [16–18]. 

2.2. Liposomes 
Liposomes are phospholipid vesicles that are comprised of two distinct regions: a 

hydrophillic core and a lipophillic lipid bilayer, thus being able to incorporate both hy-
drophillic and hydrophobic drugs [11,19,20]. Liposomes represent a promising carrier for 
targeted delivery, with many liposome-based drug formulations already on the market. 
Some of the shortcomings of liposomes, such as their increased uptake by immune cells, 
can be overcome by modifying their surface with polymers, such as polyethyleneglycol 
(PEG), or with targeting agents, such as antibodies or aptamers [19]. Liposomes are among 
the most commonly used carriers in the targeted treatment of cancers, with many exam-
ples of liposomes being used in the treatment of HCC. Doxorubicin was most commonly 
encapsulated into different types of liposomes [21–23] as well as sorafenib and short in-
terfering RNA (siRNA) [24]. 

2.3. Metallic Nanoparticles 
Metallic nanoparticles, such as gold (AuNP), silver (AgNP), or platinum (PtNP), can 

be used for both diagnostic and therapeutic purposes. 
Gold nanoparticles (AuNPs) are, usually, synthesized by chemical reduction and sta-

bilization using a capping agent, electrochemical deposition on electrode surfaces (in the 

Figure 2. Different types of nanomaterials used in nanomedicine (created with BioRender.com).

2.1. Carbon-Based Nanomaterials

Numerous forms of carbon, such as carbon nanotubes (CNT), graphene (GRP), fullerenes
(FUL), or quantum dots have, recently, gained increasing attention from the scientific com-
munity. These nanomaterials have been employed for the targeted delivery of drugs or for
cancer diagnosis. However, there is still concern about their toxicity for both humans and the
environment [14], so most of their cancer-related applications are limited to their use in the
development of sensors for cancer biomarkers. Their high surface area and excellent electrical
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conductivity [15] make them suitable candidates for the development of the electrochemical
sensors used for the detection of biomarkers that are expressed in HCC [16–18].

2.2. Liposomes

Liposomes are phospholipid vesicles that are comprised of two distinct regions: a
hydrophillic core and a lipophillic lipid bilayer, thus being able to incorporate both hy-
drophillic and hydrophobic drugs [11,19,20]. Liposomes represent a promising carrier for
targeted delivery, with many liposome-based drug formulations already on the market.
Some of the shortcomings of liposomes, such as their increased uptake by immune cells,
can be overcome by modifying their surface with polymers, such as polyethyleneglycol
(PEG), or with targeting agents, such as antibodies or aptamers [19]. Liposomes are among
the most commonly used carriers in the targeted treatment of cancers, with many examples
of liposomes being used in the treatment of HCC. Doxorubicin was most commonly encap-
sulated into different types of liposomes [21–23] as well as sorafenib and short interfering
RNA (siRNA) [24].

2.3. Metallic Nanoparticles

Metallic nanoparticles, such as gold (AuNP), silver (AgNP), or platinum (PtNP), can
be used for both diagnostic and therapeutic purposes.

Gold nanoparticles (AuNPs) are, usually, synthesized by chemical reduction and
stabilization using a capping agent, electrochemical deposition on electrode surfaces (in
the case of nanoparticles-based electrochemical sensors), or newly emerging biological-
synthesis techniques [10,25]. The resulting gold nanoparticles can be easily functionalized,
can be used for hyperthermia applications, and can easily be controlled regarding their size
and surface properties [11]. Moreover, given their size-dependent visible-light-absorption
behavior, their trajectories into cells can be tracked [11]. Although AuNPs are among
the least toxic metallic nanoparticles, some studies have shown that high concentrations
of AuNPs can, potentially, be genotoxic [26]. Further studies are needed to assess the
biocompatibility and long-term effects of AuNPs. Until then, AuNPs and other metallic
nanoparticles remain valuable candidates for diagnostic techniques, such as the electro-
chemical detection of different biomarkers. In the context of HCC, gold nanoparticles [17],
gold–platinum [16], or platinum–palladium nanostructures [18] have been used in con-
junction with carbon-based nanomaterials, for the detection of biomarkers such as AFP or
glypican-3. Gold nanostructures can, also, be employed for the imaging and photothermal
ablation of tumors [27].

2.4. Magnetic Nanoparticles

Superparamagnetic iron oxide nanoparticles (SPIONs) can be, successfully, employed
for both diagnostic [28] and therapeutic applications [29]. These nano-carriers consist
of a magnetic core and a coating. Their main advantage consists of their ability to be
guided using an external magnetic field, thus being promising candidates for targeted drug
delivery. Moreover, magnetic nanoparticles can be used as contrast agents in magnetic
resonance imaging diagnosis, due to their superparamagnetic properties [30]. Magnetic
nanoparticles can be obtained using a variety of different physical or chemical synthesis
strategies and can be functionalized using inorganic or organic ligands to increase their
stability [11]. Their versatility and high stability make them desirable nanomaterials for
drug delivery and diagnosis [31].

2.5. Polymeric Micelles

Polymeric micelles are, also, promising candidates for targeted drug delivery appli-
cations. These nano-carriers consist of self-assembled amphiphilic block-copolymers that
form a hydrophobic core and a hydrophilic corona [32]. Polymeric micelles can be obtained
from a wide variety of polymers, such as poly (lactic-co-glycolic acid), poly (ε-caprolactone),
and poly (lactic acid), and are formed when the concentration of the polymer reaches the
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critical micelle concentration [32]. Polymeric micelles have been employed in the treat-
ment of HCC for the encapsulation of hydrophobic drugs, such as ursolic acid [33] or
niclosamide [34], in order to increase their bioavailability.

Table 1. Synthesis methods, advantages, and disadvantages of different types of nanoparticles.

Nanoparticle Type Synthesis Methods Advantages Disadvantages

Carbon-based NPs

Mechanical exfoliation (GRP)
Chemical exfoliation (GRP)
Chemical vapor deposition
(GRP, CNT)
Laser ablation (CNT, FUL) [8]

High surface area
High electrical conductivity [15]
Chemical stability

Bio-corona formation
Toxicity
Environmental toxicity [14]

Liposomes

Thin-film method
Proliposome method
Injection method
Emulsification method [9]

Hydrophillic and hydrophobic
drug encapsulation
Biocompatibility
Low imunogenicity

Low encapsulation efficiency [11]
Short shelf-life
Accelerated blood clearance

AuNPs

Chemical reduction
Electrochemical reduction
Seed-mediated growth
Digestive ripening
Biologic synthesis [10]

Easily functionable
Hyperthermia applications
Visible light absorption
High surface area
High electrical conductivity [15]

Potential genotoxicity
High costs of raw materials

SPIONs

Chemical co-precipitation
Thermal decomposition
Gas-phase deposition
Pulsed laser ablation
Electron beam lithography
Biologic methods [12]

External guidance
Hyperthermia applications
High stability

Potential toxicity
Laborious synthesis

Polymeric micelles

Phase-inversion method
Rehydration method
Polymerization-induced
self-assembly
Microfluid method [13]

Hydrophillic and hydrophobic
drug encapsulation
Biocompatibility
Prolonged circulation time

Low drug loading
Low stability [32]

3. Nanoparticles Used for Diagnostics

In order to diagnose HCC, nanomedicine can be used in the following directions:
imaging diagnosis using computed tomography (CT), magnetic resonance imaging (MRI),
real-time up-conversion luminescence imaging, or a combination of these imaging tech-
niques, as well as pre- or intra-operatory diagnosis and serological or histopathological
diagnosis, by detecting biomarkers in patients’ biological fluids or biopsy samples.

3.1. Imaging Diagnosis

Ultrasound imaging is a valuable tool for the surveillance of patients who are at risk
of developing HCC, while CT and MRI are common diagnostic methods for HCC [1].
Although diagnosis is, relatively, specific, due to the existence of the “radiological hallmark
of HCC” [1], certain limitations exist in regards to currently employed diagnostic methods.
The contrast agents that are, typically, used for imaging diagnosis have short half-lives and
do not present specificity for the tumor tissue [35].

Imaging diagnosis can be improved by developing tracers or contrast agents with
superior qualities to those currently used by nano-candidacy. Several studies have shown
significant progress in the field; however, the properties of these nano-tracers must, ad-
ditionally, meet certain conditions: have increased stability, so that scanning devices (CT
and MRI) can be set in certain parameters, and have comparable image characteristics.
Nanoparticles must accumulate in tissues at certain time intervals after injection and should
be rapidly eliminated at set time intervals [7]. Due to the versatility of nanomaterials, the
majority of imaging approaches for HCC combine their diagnostic properties with ther-
apeutic ones, and, thus, these approaches will be presented in the Section 5, while a few
simple imaging diagnostic methods will be presented, herein.
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An MRI-detection method for HCC was developed, based on the presence of high
concentrations of AFP and glypican-3 in the cytoplasm and on the surface of tumor cells,
respectively, compared to healthy cells. Ultra-small SPIONs (5 nm diameter) were func-
tionalized with antibodies for the two biomarkers, by amide bond formation, and the
modified SPIONs (SAG) were used for MRI imaging of HCC cells. In parallel, SPIONs
functionalized only with AFP (SA) or glypican-3 antibodies (SG) were, also, obtained and
tested. Prussian blue staining assay and in vitro MRI tests were carried out to investigate
the accumulation of these carriers in tumor cells. The highest Prussian blue staining, as well
as the highest reduction in T2 values in MRI, was obtained for SAG compared to SA and
SG, indicating that double functionalization can enhance the detection of HCC compared
to single functionalization, this being an advantage of the presented method [28].

An aptamer-conjugated fifth-generation dendrimer, for the combined visual near-
nfrared fluorescence and MRI imaging of HCC in rats, was proposed. The aptamer was
selected for endoglin, a biomarker present on the surface of vascular endothelial cells in
tumors, thus increasing the specificity of the nanoprobe towards tumor tissue. The modified
dendrimers were labeled with fluorophores, for near-infrared fluorescence detection, and
with paramagnetic Gd3+-DTPA chelators, which helped achieve T1-weighted relaxation
and an MRI signal. The obtained nanoprobes displayed high fluorescence in tumor cells,
compared to aptamer-free dendrimers. In vivo MRI imaging showed a clear delimitation
of the tumor margins, indicating that this approach could be used for guiding surgical
procedures for the resection of small hepatic tumors [35].

Another dual-imaging approach was reported by Lee et al. In their study, Nd3+-
doped up-conversion nanoparticles (UCNP) were employed for the MRI and real-time
up-conversion luminescence imaging of HCC, in a simple rat model. Nd3+ was used, due to
its lower potential for overheating upon irradiation, compared to the commonly used Yb3+.
The core-shell particles were obtained via thermal decomposition (the core), followed by
shell-coating via a seed-mediated process. The surface of the nanoprobe was functionalized
with anti-CD44 antibody, to increase selectivity for the tumor cells. Selective accumulation
of the nanoprobes in tumor tissue was demonstrated by MRI scans as well as by the bright
UCL signal observed in tumor tissue, compared to the surrounding healthy tissue [36].

Dual MRI and CT for HCC models in rats have, also, been reported. A polyethyleneimine
substrate was modified with a gadolinium chelator and lactobionic acid, then used as a scaffold
for the deposition of AuNPs. The obtained AuNPs presented selectivity for HCC tissue, due
to the lactobionic acid, which acts as a ligand for the asialoglycoprotein receptor present on
the surface of HCC cells. The AuNPs presented good biocompatibility, accumulation in the
tumor site, and high r1 relaxitivity and specificity towards HCC tissue [37].

3.2. Serologic and Histopathologic Diagnosis

There is abundant literature on serological biomarkers for the early detection of
HCC [38–41], but relatively few of these biomarkers are used for nano-mediated detection.
This may lead to the development of systems that will significantly improve the diagnosis
of HCC [7]. The most commonly employed HCC biomarker, and the only one with phase 5
validation data, is AFP, but numerous other biomarkers (glypican-3, osteopontin, Golgi-
protein 73, and PIVKA) have been, recently, reported [38].

The levels of serological tumor markers used in the detection and monitoring of
HCC are usually low, and the detection of these biomarkers in biological samples requires
the development of sensitive methods. Nanomaterials, such as metallic nanoparticles or
carbon-based nanomaterials, can be used to increase the surface area of sensors, improve
their sensing capabilities, and, thus, increase overall sensitivity. Moreover, they can also
be functionalized with biological (antibodies and enzymes) or biomimetic (aptamers and
molecularly imprinted polymers) recognition systems, which increase the selectivity of the
detection method towards a selected target. Many nanomaterial-based detection systems
have been reported for the detection of cancer biomarkers, such as proteins, circulating
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tumor cells, or miRNA [42–44], and some of those related to HCC detection are, briefly,
presented herein.

An AFP sensing technique uses an electrochemical method and an AFP aptamer for
detection [16]. Aptamers are short, single-stranded nucleic acids that can bind to specific
targets [45]. Gold–platinum nanoparticles were deposited on the surface of an electrode, to
increase its electrical conductivity, followed by the deposition of reduced graphene oxide,
chitosan, and a redox mediator. Lastly, the aptamer was added to ensure selectivity towards
AFP. The method showed some interferences with other proteins, but its sensitivity was
sufficient for the detection of low concentrations of AFP [16].

Metallic nanoparticles were, also, employed for the electrochemical detection of glypi-
can 3. Li’s group reported two similar methods, using gold nanoparticles [17] and platinum–
palladium structures [18], respectively. These nanomaterials were grafted onto electrode
surfaces, together with reduced graphene oxide, hemin [17], or ferrocene [18], as redox
mediators, and the glypican-3-specific aptamer, which was immobilized via cross-linking.
The detection was done by measuring the decrease in the differential-pulse voltamme-
try oxidation peak of the redox mediator, when glypican-3 was added to the aptasensor.
The platinum–palladium nanostructure approach presented higher stability and a bet-
ter linear correlation coefficient, but its sensitivity was lower, compared to that of the
AuNP approach.

A biosensor based on a nanopore structure was used for the multiplexed detection of
three cancer biomarkers (AFP, carcinoembryonic antigen, and human epidermal growth
factor receptor-2), by charge modulation ion current rectification. The system contained
three different antibodies, to ensure selectivity towards each marker. This sensor exhibited
excellent sensitivity, with limits of detection in the femtomolar level for undiluted serum
samples [46].

3.3. Intraoperatory Diagnosis

A new trend that has, recently, emerged is intraoperative diagnosis. This fact refers
to the highlighting of the remaining tumor tissue, usually on the hepatic resection trance,
which is, often, difficult to visualize without special techniques.

Andreou et al. developed Surface-Enhanced Raman Scattering (SERS) silica-coated
nanoparticles, as a contrast agent for the intraoperative detection of HCC in mice. Gold
NPs were obtained, using a chemical reduction method, and were, then, coated with silica
in the presence of a Raman reporter, using a modified Stöber method. The silica layer was
obtained using a non-toxic protocol, ensuring the protection of NPs against aggregation.
The detection of HCC, using these NPs, relied on their higher accumulation in healthy
liver tissue compared to tumors, thus highlighting the tumor margins. The approach was
compared to MRI intraoperatory imaging, and the SERS-based method was able to discern
smaller tumors. Moreover, compared to fluorescence methods, the SERS-based approach
has higher sensitivity and photostability. One of the limitations of this method is the lack of
clinically available Raman imaging devices [47].

Fluorescence-based intraoperatory imaging was, also, reported. Tsunda et al. devel-
oped lactosomes, which encapsulated indocyanine green (ICG), a photosensitizing agent
for near-infrared fluorescence imaging. Lactosomes are a type of core-shell polymeric
micelle, obtained by the polymerization of lactic acid and sarcosine. These NPs were,
intravenously, administered to nude mice and demonstrated prolonged retention in liver
tumors, compared to ICG alone. This represents an advantage, in the case of long surgical
procedures, where a single administration would be sufficient for the whole procedure. An-
other advantage is the ability of ICG-loaded lactosomes to perform photodynamic therapy
of the tumor, upon laser irradiation [48].

Another fluorescence imaging-based nanoconditioned system is that of Dai et al.,
which is aimed at detecting AFP on the membrane of HCC cells. The system is a complex
comprised of CuInS2–ZnS quantum dots (QD), gold nanoflowers, and anti-AFP antibody.
The QDs were synthesized using a hydrothermal method and were sonicated together
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with gold nanoflowers to yield Au/CuInS2–ZnS, which was later incubated with anti-AFP
antibody. The system has the advantage of being biocompatible and has low toxicity. The
association between gold and QDs emits higher fluorescence compared to QDs alone,
making the complex suitable for in vivo detection. The complex could successfully identify
HepG2 HCC cells [49].

4. Nanoparticles Used for Therapy

Depending on HCC stage, different treatment strategies can be employed, with vari-
ous degrees of efficacy and safety for the patient [4]. For very early and early stages of the
disease, ablation, resection, or liver transplantation are the methods of choice, in the inter-
mediate stage, chemoembolization is used, and in the advanced stage HCC benefits only
from systemic therapy. Nanotechnology can be incorporated into many of these strategies
(ablation, chemoembolization, and, especially, systemic drug delivery) in order to overcome
their current limitations and provide better alternatives for the patient. Moreover, newly
emerging treatment strategies, such as the administration of siRNA or short microRNAs
(miRs), which lead to the inhibition of post-transcriptional expression of mRNA targets,
have been recently reported [50,51]. Nanotechnology could play a crucial role in the use
of these treatments, due to its ability to reduce some limitations of RNA, such as rapid
degradation in intra- and extra-cellular environments and low stability.

For nanoconditioned carriers to be used for therapeutic purposes, they must meet
certain requirements, which include biocompatibility, rapid degradation and elimination,
reduced or, even, absent side effects, reduced immunogenicity, and sufficient stability until
the delivery of active drugs.

4.1. Nanoparticle Targeting and Drug Release

The accumulation of nano-conditioned systems in the target tissue can be performed
passively or actively [52]. Passive accumulation is achieved because of the effect of per-
meability and increased retention, due to the modified structure of the vascularization of
intratumoral neoformation [52]. PEGylated nanoparticles have been, frequently, used for
the passive targeting of tumors, due to their high permeability and retention effects [53].
Recent studies have demonstrated correlations between certain properties (hydration state
and PEG surface density) of PEGylated dendrimers and their passive-tumor-targeting
capacity, thus offering insight into new ways of optimizing synthesis of passive targeting
carriers [53]. Passive targeting of tumor cells, using coacervate droplets formed from
poly (2-methoxyethyl acrylate) (PMEA), has also been reported in the literature [54]. It
was found that the addition of a PMEA solution to water leads to the formation of dense
coacervate droplets, which selectively accumulate in certain cancerous cells lines but do
not have affinity towards healthy cells. This could provide a facile alternative to the use of
ligands for active accumulation.

Active accumulation is induced by the presence on the surface of loaded nanoparticles
of ligand molecules, which lead to specific attachment in that tissue. The ligand molecules
that can be employed for active targeting are represented by biological (antibodies and
enzymes) or pseudo-biological (aptamers and molecularly-imprinted polymers) elements,
which can specifically recognize targets that are over-expressed on the surface of cancer
cells. Such molecules can be represented by: P-selectin [55], serotonin 1 B and 2 B receptors,
gamma-aminobutyric acid A receptors (theta subunit), epidermal growth factor (EGRF),
fibroblast growth factor receptor 3 (FGRF3), somatostatin receptor, insulin receptor (present
in two isoforms), prostaglandin E2, adeno-self receptors (A2b), insulin-like growth factor,
asialoglycoprotein receptor 1 (ASGPR1) for galactosamine [56], folate receptor [56], trans-
ferrin receptor [56], AFP, glypcian-3 [56], and retinoic acid receptor-alpha. Specific delivery
to the target using this method can reduce the systemic toxicity of active molecules as well
as bypass chemotherapeutic resistance systems [57].

Active release mechanisms at the tumor site rely on the use of external or internal fac-
tors that trigger drug release, such as ultrasound, pH, temperature, and ionizing radiation.
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Through these mechanisms, the release of active drugs into the tumor tissue is increased
and lowered into healthy tissues.

4.1.1. Systemic Therapy

The structure of the nanoparticles allows their loading with active substances for
targeted drug delivery. This feature depends on the ability to make a connection between
the nanoparticles and the drug, the porous inner structure, or the outer structure. In some
cases, intermediate molecules are attached to the outer surface of the nanoparticles, creating
a link between the basic and chemotherapeutic nanoparticles. The use of nanoparticles
for the delivery of systemic therapy in HCC can enhance the therapeutic effects of drugs,
reduce their systemic toxicity, and overcome some of their physio-chemical limitations. In
Table 2, several nanoparticle-based approaches for targeted drug delivery in the treatment
of HCC are presented.

The gold standard systemic oncological treatment for hepatocellular carcinoma is
sorafenib (SOR), an antiangiogenic agent that binds to receptors on the surface of tumor
cells: PDGFR-β, VEGFR 2, and VEGFR 3 [58]. Sorafenib has certain limitations, such as
very poor water solubility and low bio-availability [59], which could be overcome by its
encapsulation in different nanoparticle-based delivery systems. Different strategies for the
encapsulation of SOR in nano-carriers have been reported.

A passive method for SOR delivery was developed using monoolein-based liquid
crystalline nanoparticles (LCN). SOR-loaded LCNs were obtained by self-assembly and
were, then, coated with polymeric layers of poly-l-lysine (PLL) and polyethylene glycol-
b-polyaspartic acid (PEG-b-PAsp), using a layer-by-layer process. The polymeric layers
increased the biocompatibility of the particles and contributed to the sustained release of
SOR. The release of SOR was higher at pH 5.5, compared to physiological pH, indicating that
the method could successfully be used to release SOR in the acidic tumor microenvironment.
The SOR-loaded LCNs displayed higher toxicity towards HCC cells, compared to SOR
alone [60].

Another passive method relies on the use of SOR-gold nanoconjugates for HCC treat-
ment. Due to concerns related to the safety profiles of metallic nanoparticles, extensive tests
were carried out to assess the biocompatibility of the resulted nanoconjugates. No organic
solvents were used in the synthesis process, to reduce the potential toxicity of the complex.
Biochemical and hematological parameters were determined in rats, after intraperitoneal
administration of SOR-Au nanoconjugates, and no signs of toxicity were observed. More-
over, a blinded histological examination of liver, kidney, heart, and brain tissue revealed
no pathologic changes after SOR-Au nanoconjuagate administration. The conjugates were
tested on tumor cell cultures with induced SOR resistance, and the conjugates demonstrated
higher inhibition of tumor cell growth, compared to SOR alone [61].

Active targeting of SOR was achieved, using folate-decorated bovine serum albumin
(BSA) nanoparticles loaded with SOR (FA-SOR-BSANP). The nanoparticles were obtained
by mixing BSA with an ethanolic solution of SOR, and folic acid was covalently bound on
the surface of BSA nanoparticles using NHS/EDC coupling. Cytotoxicity studies demon-
strated that FA-SOR-BSANP exhibited higher inhibition of tumor cell growth compared
to SOR alone or non-folate-decorated SOR-BSANP. In vivo studies in rats showed that
FA-SOR-BSANP had better tumor-targeting properties compared to SOR-BSANP, demon-
strating the utility of folic acid as an active targeting ligand [62].

SPIONs have, also, been employed for the active delivery of SOR to tumor cells, using
magnetic fields. SPIONs were obtained by the co-precipitation method and functionalized
with polyvinyl alcohol [29] or zinc/aluminum-layered double hydroxide [63]. In both
approaches, the functionalized nanoparticles demonstrated higher toxicity towards tumor
cells and lower toxicity towards healthy hepatocytes, compared to free SOR.

Standard chemotherapeutics used as single agents, such as doxorubicin [64,65] or
gemcitabine [66], have produced modest results in the treatment of HCC. Moreover, dox-
orubicin (DOX), a natural anthracycline, presents severe acute and long-term side effects,
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including multiple organ toxicity, in a dose-dependent manner [67]. In this regard, scientists
have explored many paths to reduce the toxicity related to DOX therapy, without altering
its efficacy. One of the many proposed solutions is the encapsulation of DOX in different
nanoparticles. A further advantage of this strategy is overcoming chemotherapy resistance,
thus rendering doxorubicin more efficient in HCC treatment. In a phase II study [68,69],
in which doxorubicin was encapsulated in mixantrone-loaded polybutylcyanoacrylate
nanoparticles, patient survival was significantly increased, compared to that of the unen-
capsulated drug. In another phase II study, in which DOX was encapsulated into poly
isohexylcyanoacrylate polymer-based NPs (used as chemoembolizing therapy), significant
survival was, also, observed compared to treatment with the native drug [70]. Multiple
liposomal formulations of DOX were, also, reported in the literature [21–23,55]. ASGPR
active targeting was, mostly, employed in these studies and the liposomes were functional-
ized with a variety of agents to increase circulation time and biocompatibility. Cytotoxicity
of the liposomal formulation towards tumor cells was increased, while cytotoxicity towards
healthy cells was reduced, compared to free DOX, in all approaches.

Table 2. Comparison of different targeted delivery strategies for the treatment of HCC.

Drug Nanoparticle Type Diameter (nm) Targeting Release Test Method Ref.

DOX Lac-DOPE-L-DOX 96 ± 39 Active
(ASGPR ligands) Cellular uptake of drug Cell cultures

Mice xenografts [21]

DOX Lf-PEG-L-DOX 100 Active
(ASGPR ligands) Cellular uptake of drug Cell cultures

Mice xenografts [22]

DOX PAG-L-DOX 184.8 ± 1.7 Active
(ASGPR ligands) pH dependent Cell cultures

Mice xenografts [23]

DOX Fuc-L-BML-DOX 92.1 ± 12.5 Active
(P-selectin ligands) MW and pH triggered Cell cultures

Mice xenografts [55]

SOR LbL-LCN-SOR 165 Passive pH triggered Cell cultures [60]

SOR FA-SOR-BSANP 158.00 Active
(FR ligands) Cellular uptake of drug Cell cultures

Mice xenografts [62]

SOR Lac-SOR/CCM-NPs 115.5 ± 3.6 Active
(ASGPR ligands) pH triggered Cell cultures

Mice xenografts [71]

SOR AuNPs-SOR 10 Passive Cellular uptake of drug
Cell cultures
Mice xenografts
Ex-vivo studies

[61]

SOR SPION-PVA-SOR 15 Active
(magnetic field) Magnetic field Cell cultures

Mice xenografts [29]

SOR SPION-PEG-ZLDH-
SOR 16 Active

(magnetic field) pH dependent Cell cultures [63]

GMB AgNP-GMB 75.1 ± 7 Passive
Cell cultures
In vivo toxicity
study

[72]

DTX TPSSNP-DTX 103.6 ± 9.2 Passive pH and redox triggered Cell cultures
Mice xenografts [73]

TRP Gal-Chi-TP-NP 227.4 ± 3.7 Active
(ASGPR ligands) Cellular uptake of drug

Cell cultures
Mice xenografts
In vivo toxicity
studies

[74]

DOX—doxorubicin; Lac—lactobionic acid; DOPE—dioleoylphosphatidylethanolamine; L—liposome; ASGPR—
asialoglycoprotein receptors; Lf—lactoferin; PEG—polyethyleneglycol; L—liposome; PAG—palmitoylated ara-
binogalactan; Fuc—fucoidan; BML—1-butyl-3-methylimidazolium-L-lactate; MW—microwave; SOR—sorafenib;
LbL-LCN—layer by layer polymer assembled liquid crystalline nanoparticles; FA—folic acid; BSANP—bovine serum
albumin nanoparticles; FR—folate receptor; CCM—curcumin; PVA—polyvinyl alcohol; SPION—superparamagnetic
iron oxide nanoparticles; ZLDH—zinc/aluminum layered double hydroxide; GMB—gemcitabine; AgNP—silver
nanoparticles; DTX—docetaxel; TPSSNP—D-α-tocopheryl polyethylene glycol 1000-poly (β-amino ester) block
copolymer containing disulfide linkages; TRP—triptolide; Gal—galactose; Chi—chitosan.
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The combination of chemotherapeutics with molecules sensitive to various energy
fields (ultrasound, magnetic, microwave, etc.) can lead to the development of molecular
platforms that release targeted chemotherapy and, in addition, achieve additional ther-
apeutic effects by in situ thermal ablation. The relevance of such therapies is important,
especially in the case of tumors with resistance to conventional therapy, in which systemic
toxicity is increased.

4.1.2. Nanoparticle-Mediated Nucleic Acid Delivery

Molecular-targeted therapy, based on genes uploaded to NPs, is a relatively new
approach. siRNA is a small strain of RNA that can inhibit the expression of pro-oncogenic
HCC genes, thus representing a promising treatment alternative. However, siRNAs have
a short half-life, due to nuclease degradation in the blood stream [75], and present low
bioavailability. Moreover, virus carriers, which are usually used for the transport of siRNAs,
can cause immunogenicity and mutagenesis [76].

Biocompatible NPs aim to protect siRNA from degradation, increase bioavailability,
and reduce immunogenic effects. Furthermore, by decorating them with molecules that
bind, preferentially, to certain targets on the surface of tumor cells, the specificity of
antitumor activity may be increased.

Selenium nanoparticles were obtained, using a reduction method, and were employed
for the delivery of siRNA in the treatment of HCC. Hyaluronic acid (HA) was used to mod-
ify the surface of selenium NPs to increase biocompatibility and, selectively, target HCC
cells. Then, positively charged polyethylenimine (PEI) was added onto the particles and
anionic siRNA was loaded via electrostatic interaction. The HA-modified SeNPs demon-
strated low toxicity, superior tumor accumulation, and apoptosis induction, compared to
non-HA modified NPs [76]. A similar approach was developed by the same group, using
folic acid (FA) as a targeting ligand for HCC. Similarly, the FA-modified SeNPs exhibited
higher cytotoxicity in HepG2 cells and higher anti-tumor efficacy in vivo, compared to
non-modified NPs [77].

Supermaramagnetic iron oxide NPs were obtained by co-precipitation and were, also,
functionalized with PEI and siRNA and galactose was added as an ASGPR-specific ligand
(Figure 3A). The modified SPIONS accumulated at the tumor site in ortothopic mice.
Moreover, encapsulation into a nanoparticle system extended the half-life of siRNA [78].

Another system that targeted the ASGPR was developed by Huang et al. Their
approach consisted of the development of galactose-modified lipid/calcium/phosphate
nanoparticles (LCP NPs), incorporating anti-VEGF siRNA (Figure 3B). The calcium phos-
phate core of the nanoparticles dissolved into the acidic pH of the tumor microenvironment,
thus delivering siRNA. The nano-system demonstrated enhanced gene silencing in vitro
and in vivo [75].

Combined delivery of SOR and anti-VEGF siRNA, using pH responsive liposomes,
was, also, reported. The liposomes were obtained via thin-film hydration and loaded with
the two therapeutic agents. Higher cell internalization was demonstrated for tumor cells
in media of pH 6.5, compared to physiological pH, indicating the utility of the prepared
liposomes for targeted delivery in cancer tissue. In vitro down-regulation of VEGF was
higher for the co-loaded liposomes, compared to SOR alone, siRNA alone, or single-loaded
liposomes, indicating promising results [24].
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 Figure 3. (A) Schematic representation of the development strategy for superparamagnetic iron
oxide nanoparticles (SPIONs) modified with polyethylenimine (PEI), galactose (Gal), and siRNA
as well as their administration in rats, for the treatment of HCC; (adapted from reference [78]
(Open Access)); (B) Schematic representation of the development strategy of galactose-modified
lipid/calcium/phosphate nanoparticles (LCP NPs) incorporating anti VEGF siRNA; DOPA—
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PEG—1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino (polyethylene glycol)-2000]; L4—
phenyl β-D-galactoside (adapted with permission from reference [75]). (Copyright 2022 American
Chemical Society. Created with BioRender.com).

4.2. Thermo-Ablation Systems

Thermal ablation systems destroy tumor cells by the thermal effect generated by them
after irradiation, with various types of waves, such as those generated by ultrasound and
magnetic fields. In situ thermal ablation processes using nanostructures are derived from
current radiofrequency ablation therapies or microwave ablation.

Glypican 3-targeting IR780 dye-loaded mesoporous silica NPs were proposed by
Ma et al. [79] and were used to produce local hyperthermia upon laser irradiation in vitro
and in vivo. Glypican-3 targeting was achieved using a complex protocol. First, chimeric
antigen receptor T (CAR-T) cells, targeting glypican-3, were produced by transfection.
CAR-T cells are cells that can specifically recognize different tumor-surface antigens, in this
case glypican-3. Then, the cells were suspended in lysis buffer and CAR-T membranes were
obtained through extrusion. The next step consisted of loading commercially available
mesoporous silica NPs with IR780 dye and, then, coating the complex with the obtained
membranes by sonication followed by extrusion. Membrane coating ensured selectivity
towards glypican-3 and ensured the “stealth” of the NPs in vivo. The nano-complex
showed great phototermal effect, due to the presence of IR780 [79].

Wang et al. proposed an NIR (near infrared)-powered synthetic high-density lipopro-
tein (sHDLs) platform, with which they performed photothermal therapy, with tumor
destruction. The synthetic HDLs were obtained through self-assembly, using an ApoA-1
mimetic peptide and a mixture of lipids, and were, then, loaded with photothermal agent
DiR and mertansine or vadimezan [80].

36



Materials 2022, 15, 3893

Chen et al. developed IR820-PEG-melanin NPs (MNPs) that demonstrated superior
penetration of tumor tissues with properties useful in both MRI imaging and in situ tumor
ablation. An important advantage of melanin is its biocompatibility, being a pigment that
can be naturally found in the human body. The nano-carrier was obtained, by self-assembly
of pegylated MNPs and the near-infrared dye IR820, and demonstrated selective tumor
ablation in orthotopic mice models [81].

4.3. Trans-Catheter Arterial Chemoembolization with NPs

The use of NPs in TACE can lead to the improvement of this technique, by avoiding
bead aggregation, extratumoral embolization, inefficiency of small particles, reduced degra-
dation of embolizing agents, and dependence of embolization on vessel diameter, in tumor
microcirculation [1].

A recombinant silk-elastin-like protein polymer (SELP) was developed by Poursaid
et al., conditioned in the form of a hydrogel that can be injected through a microcatheter,
which leads to obstruction of blood flow. In the future, these types of hydrogels can be
combined with chemotherapeutics, to increase the antitumor effect of TACE [82].

Other authors have used paclitaxel nanocrystals, to be injected as embolizing agents
by the TACE technique. The nanocrystalline structures were obtained by one-pot synthesis
through paclitaxel self-assembly and crosslinking with glutaraldehyde. The resulting struc-
tures were water soluble, unlike paclitaxel, which displays poor water solubility. Another
advantage of the nanocrystals was their intrinsic fluorescence, which could potentially
allow real-time monitoring during TACE. Compared to paclitaxel alone, the nanocrys-
talline assemblies displayed prolonged release of paclitaxel. The structures, successfully,
reduced the dimensions of tumor spheroids in vitro. The results of this study are promis-
ing, however, further in vivo testing needs to be done, in order to evaluate its safety and
efficacy [83].

5. Nanoparticles Used for Theragnostic

Theragnostic approaches represent a modern strategy, which combines diagnosis
and treatment into a single platform. The development of theragnostic strategies requires
interdisciplinary collaborations between different specialists, in order to ensure faster im-
plementation of treatment and better outcomes for the patient [45]. Numerous theragnostic
strategies for HCC have been developed.

An example of this mechanism, which includes both diagnosis and treatment, is the
system developed by Patra et al., which can be used to track targeted delivery using MRI
imaging. The system was composed of SPIONs, which act as an MRI tracer and can, as
well, be guided to the tumor site using a magnetic field. The SPIONs were modified with a
block polymer for doxorubicin encapsulation and with folic acid for HCC targeting. The
release of DOX was achieved, using a pH-dependent mechanism [84].

Another SPION-based approach was developed by Cai et al. In this study, sorafenib
was encapsulated into polymer-modified SPIONs and active targeting was achieved using
an anti-glypican 3 antibody. The release of sorafenib at the tumor site was done using a
double pH and redox-dependent mechanism. The system was also used for MRI imaging
of tumors in vivo [85].

Ferrous-platinum nanoparticles were grafted onto montmorillonite (MMT) porous
clay to develop a tool for HCC MRI imaging. The magnetic modified-MMT was also loaded
with mitoxantrone to endow the complex with therapeutic properties (Figure 4A). Another
treatment strategy that was incorporated into this approach was the induction of magnetic
hyperthermia upon magnetic field application. The theragnostic MMT complexes were
tested in vivo in rats and displayed high tumor inhibition, compared to controls, as well as
good tumor-imaging capacity [86].

Another example of theragnostic use of nanoparticles is the one proposed by
Wang et al. that combined mesoporous silicon (loaded with doxorubicin) and Au-based
Janus particles that show therapeutic effects and qualities of CT-scan contrast tracers [87].
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Figure 4. (A) Schematic representation of the synthesis of montmorillonite (MMT)-based nanoparti-
cles for theragnostic applications. The MMT reacted with cetyltrimethylammonium bromide (CTAB),
to form a layered structure in which iron-platinum nanoparticles and mitoxantrone were incorpo-
rated. The platform was used for magnetically induced hyperthermia (adapted from Reference [86]
(Open access)). (B) Histology studies illustrating the anti-tumor of adryamicin-loaded, gold-nanorod
polymeric nanomicelles modified with EpCAM antibody (Adr/GNR@PMs-antiEpCAM), and the
same complex under laser irradiation (adapted from Reference [88] (Open Access)). (C) SPECT
images of the radioactive iodide labeled Pd nanosheets at different time intervals in vivo (a) image
of liver tissue and (b) SPECT images obtained using a conventional tracer used as control method
(c) (adapted from Reference [89] (Open Access). Created with BioRender.com).

A gold-nanorod micelle complex was loaded with Adriamycin and employed as
a theragnostic nano-carrier for HCC. The complex was conjugated with anti-Epithelial
cell adhesion molecule (EpCAM) antibodies, to offer selectivity towards HCC stem cells.
The nano-carriers were used for the selective destruction of HCC stem cells, by using
the effects of Adriamycin-induced cytotoxicity and gold-nanorod-mediated photothermal
effect. Upon laser irradiation, higher antitumor efficacy was highlighted, compared to the
antitumor action of the complex alone, indicating the synergistic effects of Adriamycin
and photothermal effect (Figure 4B). Moreover, the system was able to identify tumors by
photoacoustic imaging in an ex vivo model [88].

Palladium nanosheets were, also, employed for photoacoustic imaging, combined with
radiotherapy and photothermal effects. Palladium nanosheets were functionalized with
iodide radioisotopes, via a simple synthesis method. The resulting modified Pd nanosheets
displayed synergistic antitumor activity, and high-quality single photon emission computed
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tomography (SPECT) images were obtained using this approach in three different in vivo
HCC models (Figure 4C) [89].

Carbon-based nanomaterials have, also, been proposed for theragnostic purposes. An
antibody specific for glypican-3 was conjugated with reduced graphene oxide and, then,
combined with nanobubbles to form a system that was used as an ultrasonic contrast agent,
as well as for in vitro photothermal action [90].

Future trends of nanomaterials in drug delivery, such as magnetic nanoparticles
(MNPs), have, recently, contributed to important developments in several fields, with a
focus on medical applications and oncology. MNPs are widely applied in cancer diagnosis,
cancer screening, targeted drug delivery, and cancer treatment and diagnosis [91]. Owing
to their magnetism, in particular, MNPs (especially superparamagnetic iron oxide nanopar-
ticles (SPIONs)) have been, mostly, used as contrast agents in cancer screening for magnetic
resonance imaging (MRI), computed tomography in magneto-acoustic tomography, and
near-infrared imaging. Hybrid nanomaterials have received tremendous interest, owing to
the combination of the unique properties of organic and inorganic components in a single
material. In this class, magnetic polymer nanocomposites are of particular interest because
of their excellent magnetic properties, stability, and good biocompatibility of polymeric
films. Several therapeutics based on nanoparticulate polymers and iron oxide drug carriers
are, currently, under development. These include polymer–drug conjugates, single-crystal
NPs, magnetic nanoclusters, micelles, dendritic polymer carriers, sophisticated stimuli-
responsive systems, nanorobots, and diagnostic devices. In addition, a growing number
of polymer conjugates and other organic or inorganic drug delivery systems are entering
clinical development and evaluation [92].

Carbon-based nanomaterials have been exploited, extensively, in the delivery of ther-
apeutics, due to their easy functionalization of their surface, rendering them capable of
crossing biological membranes. Toxicity represents a main concern for their in situ use
but, lately, the functionalization with an appropriate targeting ligand aids in the reduc-
tion in the cytotoxicity of loaded drugs toward healthy cells and augments therapeutic
efficiency [93]. Carbon nanotubes as well as graphene have good mechanical strength, as-
pect ratio, conductivity, and chemical stability, possessing tunable physical properties, such
as biocompatibility and high surface area. However, the lack of solubility in aqueous media,
non-homogeneity in size (diameter and length), and the presence of metallic impurities
are important drawbacks that, still, limit their use in targeted drug delivery. Moreover,
the colloidal instability, the limited synthetic control of graphene or other carbon-based
nanomaterials, such as fullerenes and carbon nano-anions, as well as the poor chemical
stability in the biological environment and susceptibility to the oxidative environment, are
other challenges that have to be overcame in order to expand their area of applications.

Metallic nanoparticles have, as main characteristics, a large surface-area-to-volume
ratio as compared to the bulk equivalents, large surface energies, existence as a transition
between molecular and metallic states providing specific electronic structure, plasmon
excitation, quantum confinement, short range ordering, a large number of low-coordination
sites such as corners and edges, a large number of “dangling bonds”, and, consequently,
specific and chemical properties as well as the ability to store excess electrons. The Au
nanoparticles have, for instance, excellent properties for bioconjugation: they are biocom-
patible and able to fix a great variety of biomolecules [94].

Nanosomes are promising nanoparticles for drug delivery. Phospholipid nanosomes
(small, uniform liposomes) have been developed to overcome some of the limitations
associated with conventional liposome manufacturing [95]. Nanosomes can be actively
targeted to specific cells by ligand labeling, such as folic acid, transcobalamin, iron transport
proteins, hormones, and growth factors, to facilitate their active cellular import. Tumor
cells can be passively targeted, to use the effect of retention and permeability.

It appears that drug delivery systems based on nanomaterials hold great potential to
overcome some of the barriers to efficient targeting of cells and molecules in inflamma-
tion and cancer [96]. In addition, another huge advantage is the possibility to overcome
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problems of drug resistance in target cells and to facilitate the movement of drugs across
barriers, such as those in the brain. However, there are some challenges, such as the precise
characterization of molecular targets, the cytotoxicity of some nanomaterials, and the possi-
bility of ensuring that these molecules are expressed only in the targeted organs, to prevent
effects on healthy tissues.

6. Conclusions

HCC represents the fourth-most common cause of cancer-related death worldwide,
with various risk factors. The diagnosis of HCC is, mainly, based on imaging and blood
tumor markers detection. HCC is, usually, diagnosed at the clinical advanced stage, so
current diagnostic and therapeutic methods do not meet the clinical needs, due to late
detection and rapid tumor progressing, therefore, new technologies, drugs, and delivery
methods are required in clinical practice.

Significant advances have been made in the field of nanomedicine for the diagnosis
and therapy of HCC. The most commonly used nanomaterials for targeted drug delivery
were liposomes, but also iron-oxide compounds or organic microspheres, the first being
approved by the FDA [7].

Improving the imaging diagnosis of nanotechnology can significantly increase the
detection of intrahepatic tumors and decrease the size limit at which these tumors can be
identified. In addition, a number of nanostructures have useful properties in the diagnosis
of CT, MRI, or ultrasound, and features that make them very useful in the treatment of
these tumors, thus leading to the concept of theragnostic (diagnosis and therapy).

The use of nano-conditioned ICG-type intravital tracers can improve the intraoperative
evaluation of the extent of liver resection for such tumors, helping surgeons to evaluate
hepatic resection performance.

The treatments accessible using nanostructures vary, from the transport of cytostatics
to the target tissue, the thermal destruction of tumor cells by activation in certain energy
fields, and the introduction of genetic material into tumor cells.

The right diameters, the high specific surface area, and specific physicochemical prop-
erties made the nanomaterials important building blocks in imaging diagnosis, serological
diagnosis, pathological detection, systematic therapy, thermal ablation, chemoembolization,
immunotherapy, and many other aspects for HCC [7].

A number of limitations restrict researchers in using these nanostructures in clinical
practice, but, progressively, these molecules will be modified, and their qualities improved;
therefore, in the future, an important technological advance is foreseen, and nanomedicine
will have a say in anticancer therapies.
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Abstract: The objective of this study was to enhance the corneal permeation of gatifloxacin (GTX)
using cubosomal nanoparticle as a delivery system. Cubosomal nanoparticle loaded with GTX
was prepared and subjected for in vitro and in vivo investigations. The prepared GTX-loaded
cubosomal particles exhibited nanoparticle size of 197.46 ± 9.40 nm and entrapment efficiency of
52.8% ± 2.93. The results of ex vivo corneal permeation of GTX-loaded cubosomal dispersion show
approximately 1.3-fold increase compared to GTX aqueous dispersion. The incorporation of GTX
into cubosomal particles resulted in a fourfold reduction in the minimum inhibitory concentration
(MIC) value for the GTX cubosomal particles relative to GTX aqueous dispersion. Furthermore,
the enhanced corneal penetration of GTX-loaded cubosomal dispersion compared was evident by
a significant decrease in the area % of corneal opacity in MRSA infected rats. Moreover, these
results were confirmed by photomicrographs of histological structures of corneal tissues from rats
treated with GTX-cubosomal dispersion which did not present any change compared to that of
the normal rat corneas. In conclusion, treatment of ocular bacterial infections and reduction in the
probability of development of new resistant strains of MRSA could be accomplished with GTX-loaded
cubosomal nanoparticles.

Keywords: gatifloxacin; cubosomal dispersion; MIC; corneal permeation; methicillin resistant
Staphylococcus aureus; keratitis

1. Introduction

The ocular drug delivery field is considered one of the most attractive, inspiring,
and competitive fields owing to the many obstacles found in drug application due to
the complex physiological and chemical nature of the eye [1,2]. Recently, many formula-
tion strategies have been implemented to evolve new drug delivery systems which can
overcome the inadequacies of the conventional ocular delivery systems including poor
formula retention time, pulsed dosing of drug, frequent drug administration which leads to
mechanical injury, corneal pigmentation, as well as sensitivity reactions of the conjunctiva
and large drainage factor which leads to low ocular bioavailability [3–5].
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The previously mentioned factors demand the development of a novel ocular drug
delivery system that would extend the pre-ocular retention, and hence enhance the ocular
penetration and absorption of drugs through ocular barriers providing new tools for
the therapy of anterior and posterior eye segment diseases [6]. Novel ocular delivery
systems based on nanoparticles have recently become alternative tools for traditional
ocular delivery systems such as polymeric nanoparticles [7–9], polymeric micelles [10],
solid lipid nanoparticles [11], nanostructured lipid carrier [12] and nano-emulsion [13].

Gatifloxacin (GTX) is a fourth generation fluoroquinolone antibacterial used for treat-
ment of ocular infections through inhibiting bacterial DNA replication, transcription and re-
pair [14,15]. Compared to other quinolones, GTX is more effective with broader spectrum es-
pecially in the case of staphylococcus and streptococcus infections [16]. However, the use of
GTX in ocular infections is limited by its sub-therapeutic concentrations in the corneal aque-
ous humour and iris-clarity body due to the reduced GTX permeability. The lower GTX per-
meability might be attributed to efflux pumps such as P-glycoprotein (P-gp/MR1/ABCB1)
and multi-drug resistance-associated protein 2 (MRP2/ABCC2/cMOAT) [17]. The multi-
drug resistance associated with these efflux pumps may limit the drug concentration at the
target site and, subsequently, reduce drug uptake by the bacteria. Moreover, GTX suffers
from pH-dependent solubility with maximum solubility ranging from 40 to 60 mg/mL at
pH 2–5 [18]. These limitations necessitate the development of a novel drug delivery system
rather than the traditional ophthalmic eye drops solution.

Glyceryl-monooleate (GMO) is used to form novel self-assembled thermodynamically
stable cubic nanoparticles known as cubosomes which are stabilized using poloxamer 407
(P407). Cubosomes, as dispersed colloidal particles of cubic phase liquid crystals, have
drawn attention to their use in controlled-release drug delivery systems. Cubosomes are
advantageous due to their simple formulation and high loading capacity for different drugs
with different nature. Moreover, extended drug release, biocompatibility with biological
tissues, bio-adhesion, exceptional penetration ability and biodegradability give this drug
delivery system superiority in ocular delivery. These features were previously reported
upon employing cubosomes for many drugs such as dexamethasone and fluconazole as an
ophthalmic drug delivery system [19,20].

Hence, the objective of the current study is to investigate the potential of cubosomal
nanoparticles dispersion as a promising drug carrier for ocular administration of GTX
for enhancing in vitro and in vivo performance of the drug. GTX-loaded cubosomal dis-
persions were in vitro evaluated for particle size, shape, drug entrapment, and ex vivo
trans-corneal permeation characteristics using isolated rabbit cornea. The extent of treat-
ment of induced bacterial keratitis in rats was used to evaluate the in vivo performance of
the drug-loaded cubosomes compared to free drug dispersion. The cubosomal formulation
is expected to improve the permeability of GTX and decrease the incidence of its resistance.

2. Materials and Methods
2.1. Materials

Pure GTX was gifted by Delta Grand Pharma for pharmaceutical industries (10th of
Ramadan City, Egypt). Glyceryl monooleate (GMO) was supplied by Gattefosse, Lyon,
France under the trade name Paceol®. Poloxamer 407 (P407) was acquired from Sigma-
Aldrich (Milwaukee, WI, USA). Acetonitrile (HPLC grade) was purchased from VWR
International Ltd., Poole, England. Potassium dihydrogen phosphate, sodium hydroxide,
disodium hydrogen phosphate (pharmaceutical grade), phosphoric acid, and methanol
(analytical grade) was bought from El Nasr, Cairo, Egypt.

2.2. GTX-Loaded Cubosomes Formulation

An emulsification technique was used to prepare the drug-loaded cubosomal dispersion
reference to Nasr et al. [21]. At the beginning, GMO was melted at 60 ◦C by heating in a
water bath. Then, 2 mL of deionized water was added drop wise with continuous stirring
until homogenous gel formation. The obtained gel was left for 24 h at room temperature.
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After which, a solution of GTX and 10% w/w of P407 (relative to GMO) in phosphate buffer
(pH 5) was added to the gel using a high-speed vortex for 3 min. Probe sonication (Sonics
vibra cell, Sonics & Materials INC, Newtown, CT, USA) was used in the obtained dispersion
for 5 min (5 s on and 3 s off). The final weight of the dispersion was adjusted to 50 g using
deionized water. The final GTX concentration in the obtained dispersion was 3 mg/g.

2.3. Particle Size Analysis, Polydispersity Index and Zeta Potential

A Zetasizer Nano series (Nano ZS, Malvern, UK) was implemented to measure the
particle size distribution, polydispersity index (PDI) and zeta potential of cubosomal
nanoparticles at 25 ± 0.5 ◦C in triplicate after being properly diluted with deionized water.

2.4. Transmission Electron Microscopy (TEM)

The morphology of GTX-cubosomal nanoparticles was observed by a transmission
electron microscope (JEOL, Tokyo, Japan), model JEM-2100 with super twin lens. A
drop of the cubosomal dispersion was put on carbon-coated copper grid and 1% sodium
phosphotungstate solution as a stain. The stained sample was left to dry for 15 min at room
temperature before monitoring.

2.5. Entrapment Efficiency (EE %)

Amicon Ultracentrifuge tubes (3000 MWCO, Millipore, St. Louis, MO, USA) were
utilized to measure the entrapment efficiency by ultrafiltration centrifugation technique [22]
as follows: 9 mL of deionized water was used to dilute 1 mL of GTX-loaded cubosomes,
subsequently, a sample of 3 mL of the diluted dispersion was centrifuged at 6000 rpm for
10 min. Deionized water was used to properly dilute the acquired filtrate and measured
spectrophotometrically at 290 nm (Jenway, Stafford, UK) [23] representing free GTX (Q
Free). To determine the total amount of GTX existing in 1 mL cubosomal dispersion (Q
Total), the formulation was appropriately diluted with methanol and measured spectropho-
tometrically as mentioned above using methanol as blank. EE % was calculated according
to the following equation:

EE % = [(Q Total − Q Free) / Q Total] × 100 (1)

2.6. Differential Scanning Calorimetry (DSC)

A thermal analysis study was conducted on the cubosomal dispersion, each of its
components separately and with pure GTX. The DSC thermograms were achieved using
DSC-60, Shimadzu, Kyoto, Japan. The aluminum pan was filled with 5 mg of each sample,
heated with a 10 ◦C/min heating rate under a purgative nitrogen. A comparable empty
pan was used as the control.

2.7. Ex Vivo Corneal Permeation Study

The Delta university ethics committee authorized the protocol of study (Approval
Number: FPDU11621/3). Rabbits’ corneas were utilized in this experiment after being
freshly separated and submerged for 30 min in fabricated lacrimal fluid before the experi-
ment. The corneas were mounted onto one end of a plastic syringe imitating a dialyzing
tube with permeation area of nearly 1.54 cm2 using a rubber band to ensure that they
were watertight. The surface epithelium layer of each cornea was placed inward of the
syringe, while the deepest endothelium layer was directed outwards facing the permeation
medium. An equivalent amount (3 mg) of pure and tested formula was placed on the
donor compartment. The acceptor compartment (50 mL of phosphate buffer of a pH 7.4
and a temperature of 37 ± 0.5 ◦C) was stirred at 50 rpm. The corneal surface of the donor
compartment was adjusted just to touch the surface of permeation medium. At different
time intervals (30 min, 1, 2, 3, 4, 5, 6, 8, 10, 11 and 12 h), 1 mL of the permeation media was
removed, and an equivalent volume was used to replenish it. Withdrawn samples were
analyzed using HPLC after being passed through a 0.45 µm syringe filter. The cumulative
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amount of GTX permeated per unit area was calculated and plotted versus time. The slope
of the plot was calculated and taken as flux (mg/cm2/h).

2.8. HPLC Assay of GTX

The HPLC technique was implemented using Shimadzu CTO-20A (Kyoto, Japan) with
UV detector (VWD 1260) and ODS Hypersil column, with an average particle size of 5 µm,
150 mm tall and 4.6 mm internal diameter (Thermo Fisher Scientific, Waltham, MA, USA).
Corresponding to a previously reported method [24] with minor changes modifications,
acetonitrile and potassium phosphate buffer (pH 5) were used as a mobile phase with ratio
(65:35 v/v), respectively. An isocratic elution was used with flow rate 1.5 mL/min and
injection volume of 20 µL. The UV detector was set at 290 nm and 254 nm. The method
was validated with reasonable linearity in the range of 1–8 µg/mL with 0.995 correlation
coefficient. In addition, all samples were assayed for interday and intraday accuracy
and precision.

2.9. Determination of Minimum Inhibitory Concentration (MIC) of GTX

The in vitro antibacterial activity of GTX-loaded cubosomal formulation against clini-
cal isolate of methicillin-resistant Staphylococcus aureus (MRSA) was investigated com-
pared to GTX aqueous dispersion using MIC test. Broth microdilution technique was
employed for determination of MIC as described by Andrews [25] and according to CLSI
M07-A9 guidelines [26]. The test was performed in 96-well rounded bottom microtiter
plate filled with 100 µL of Muller Hinton broth medium. Two-fold serial dilutions of
both treatments were prepared using sterile distilled water. The tested concentrations of
GTX were ranged from 0.03 to 16µg/mL. Aliquots (100 µL) of each concentration were
loaded in 96-well flat-bottom microtiter plates. The bacterial inoculums were adjusted
to the concentration of 5 × 105 CFU/mL. Positive and negative GTX free controls were
formulated in the presence and absence of bacteria, respectively. All plates were incubated
at 37 ◦C for 18 h. The lowest concentration that inhibits the bacterial growth is considered
as the minimum inhibitory concentration.

2.10. In Vivo Studies

The in vivo study was conducted to assess the influence of cubosomal formulation on
the antibacterial activity of GTX against methicillin-resistant strain (MRSA). Staphylococcus
aureus is the main infective organism causing endophthalmitis and in some cases vision
loss due to keratitis [27]. Clinical isolate of MRSA, isolated from a human corneal ulcer
(Outpatient clinics, Mansoura University Ophthalmic Hospital, Egypt), was utilized as a
pathogen to establish infection. Briefly, one colony of bacterial isolate was picked up from a
fresh culture plate and injected into 5 mL of Luria Broth media, which was then incubated
at 37 ◦C for 24 h with constant shaking at 150 rpm. The growth suspension was diluted
until turbidity was matched with 0.5 McFarland standards to obtain approximately the
organism number of 1 × 108 colony forming units (CFU) per mL.

Twenty-four adult male Wistar rats (270 ± 10 g) were enrolled in the study. The study
and its procedures were accepted by the Institutional Animal Care and Use Committee
(IACUC) at the Faculty of Pharmacy Delta University (Approval Number: FPDU11621/3)
and were performed in agreement with relevant guidelines and regulations.

For all rats to be immunocompromised, they were treated with intraperitoneal injection
of methyl prednisolone at a dose of 50 mg/kg in saline (300 µL/rat) for 3 consecutive days
to facilitate the development of bacterial infection. Four groups (6 rats each) were divided
as follows: group 1 (uninfected untreated rats); group 2 (infected rats with no treatment);
group 3 (infected rats treated with GTX aqueous solution); and group 4 (infected rats
treated with GTX-loaded cubosomal dispersion). A 27-gauge needle was used to scare the
cornea of the right eye of each rat. Tear film break up was accomplished by pipetting 10 µL
of 0.6% acetylcysteine onto the cornea and after that, normal saline solution was used for
washing. After which, a 10 µL MRSA suspension (5 × 108 CFU) was applied and spread

48



Materials 2022, 15, 3374

evenly. The left eyes of rats were scarred by the same pattern but were not subjected to
infection to serve as a control.

The treatment began three days after infection. An ophthalmologist, who was blinded
to the treatment protocol, confirmed the infection. A clear visual cloudy cornea was noticed
at the 3rd day after the infection. Treatments were resumed for another 2 days until the
vanishing of the cornea’s cloudy appearance in one rat from treatment groups. On the
5th day after infection, the photographs of the affected eyes were processed using ImageJ
1.52i software (NIH, Bethesda, MD, USA). Images were captured at a 35 cm distance and
processed using the lower threshold level at 95 and the upper threshold level at 145.

2.11. Histological Examination

At the end of the in vivo study, cervical dislocation was applied for euthanization
of animals. From each group, some rats’ eyes served as an autopsy sample where it was
fixed in 10% formalin solution for 24 h, then rinsed with distilled water. Afterwards,
dehydration was accomplished by using different concentrations of alcohol. Xylene was
used for washing specimens followed by embedding it in paraffin at 56◦ in an oven for 24 h.
Tissue paraffin beeswax was cut into blocks 4 µm in thickness using Sledge microtome.
The final tissue sections were and stained by hematoxylin and eosin stain after removal of
paraffin and examined by the light electric microscope [28].

2.12. Statistical Analysis

Differences between groups were analyzed by one-way analysis of variance followed
by Tukey as a Post-Hoc Test using GraphPad Prism software, 8.0.2 (GraphPad Software Inc.,
La Jolla, CA, USA). Data are presented as the mean ± standard deviation (SD) (p ≤ 0.05).

3. Results and Discussion
3.1. Particle Size, Polydispersity Index and Zeta Potential

The formed cubosomal dispersion displayed a narrow monomodal with mean particle
size of 197.46 ± 9.40 nm. The PDI value of the cubosomal dispersion was 0.14 ± 0.05
indicating acceptable homogeneity. The zeta potential of the cubosomal nanoparticles was
−21.90 ± 2.03 mV indicating high stability and lower tendency for particles aggregation.

3.2. Morphology of GTX-Cubosomal Nanoparticles

The TEM photomicrograph of GTX-cubosomal nanoparticles (Figure 1), revealed that
the GTX-loaded cubosomal particles are nearly spherical polyangular non-aggregated
particles with homogenous and a narrow size distribution. However, diameters of TEM
photographed particles are smaller relative to the measured particle size by the dynamic
light-scattering particle size analyzer.
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3.3. Entrapment Efficiency

The EE % of GTX in cubosomal nanoparticle was 52.8% ± 2.93. The relatively lower %
of drug entrapment might be attributed to the hydrophilic nature of GTX (log p = −0.23)
and the higher % of the ionized form of GTX in phosphate buffer pH 5.5 that may lead to
lower partitioning of the drug into the cubosomal lipid bilayer and favor the leakage of the
drug from the water channels of cubosomal particles.

3.4. Differential Scanning Calorimetry

Figure 2 represents the thermograms of pure GTX, GTX-loaded cubosomal dispersion,
blank cubosomal dispersion, P407 and GMO. The pure GTX powder presented a thermo-
gram with a broad endothermic peak at 100–150 ◦C which may be due to dehydration and
some structure rearrangement of GTX and a sharp endothermic peak of 191 ◦C indicating
its crystalline nature [29]. In addition, the sharp characteristic peak disappeared in the
thermogram of cubosomal dispersion indicating that GTX was not in a crystalline state but
rather present in an amorphous state.
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Figure 2. DSC thermograms of (A) pure GTX, (B) GTX-loaded cubosomal dispersion, (C) blank
cubosomal dispersion, (D) P407 and (E) GMO.

3.5. Ex Vivo Corneal Permeation

Figure 3 illustrates the result of the rabbit corneal permeation of GTX from cuboso-
mal dispersion compared to aqueous GTX dispersion. The cubosomal dispersion showed
approximately a 1.3-fold increase in GTX corneal permeation. The slope of the graph
(flux) of the cubosomal dispersion was significantly (p < 0.05) higher in the case of cuboso-
mal dispersion (93.84 ± 7.89 µgcm−2 h−1) in comparison with GTX aqueous dispersion
(73.01 ± 3.45 µgcm−2 h−1). The enhanced permeability could be attributed to the bio-
adhesive ability of cubosomes to attach to the large epithelium surface with lipophilic
nature which will improve the delivery of the drug [30]. In addition, the cubosomal struc-
ture has similar features as the natural biological membrane which might facilitate drug
permeability and consequently drug absorption. Besides, the components of cubosomal
nanoparticles (GMO and P407) may play an important role in alteration of the activity of
P-glycoprotein efflux pumps by both membrane permeability changes through a reduction
in membrane micro-viscosity and depletion of ATP levels [31]. These results agree with
previously reported studies that utilized cubosomes as delivery systems for enhanced
ocular delivery of fluconazole, flurbiprofen and sertaconazole [20,32,33].
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sion and aqueous GTX dispersion.

3.6. Influence of GTX-Loaded Cubosomal Nanoparticles on MIC

MICs of GTX-loaded cubosomal dispersion and free GTX aqueous dispersion were
determined to evaluate the influence of cubosomal formulation on values of MIC against
MRSA. The values of MIC were 4 and 16 µg/mL for GTX-loaded cubosomal dispersion and
GTX aqueous dispersion, respectively. The result reveals that the incorporation of GTX into
cubosomal particles resulted in a significant reduction in MIC value. The fourfold reduction
in MIC value of GTX cubosomal formulation is expected to enhance the antibacterial
activity of GTX and reduce the chance for development of new resistant bacterial strains.
The obtained results could be attributed to the composition of cubosomal particles with the
presence of GMO as a penetration enhancer in addition to its bioadhesiveness that facilitate
a possible adhesion and/or fusion to bacterial cell membrane and consequently improve
the drug permeability into bacterial cells [34].

3.7. In Vivo Studies
3.7.1. Efficacy of GTX-Loaded Cubosomal Nanoparticles in the Treatment of
MRSA-Induced Ocular Keratitis

Figure 4 shows the ImageJ-processed photographs of eyes from different groups. The
areas of focal lesions were indicated in the processed pictures by red color. In addition,
the area % of corneal opacity was calculated and considered a measure of the intensity
of corneal MRSA infection (Figure 5). Statistical analysis of the obtained results revealed
that GTX-loaded cubosomal dispersion significantly reduced the area % of corneal opacity
compared to GTX solution. This result may be explained based on the enhanced corneal
tissue penetration of GTX-loaded cubosomal nanoparticles, as previously indicated in the
in vivo permeation study.
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rats); group 2 (infected rats without treatment); group 3 (rats treated with GTX aqueous dispersion);
and group 4 (rats treated with GTX-loaded cubosomal dispersion). The red color in the processed
pictures designates the areas of focal lesions.
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3.7.2. Histological Evaluation

Figure 6 displays photomicrographs of corneal tissue sections stained with H&E
from different groups. The photograph of group 1 (uninfected untreated) showed normal
histological structure of rat corneal epithelium (filled arrowhead), stromal connective
tissue layer with no inflammatory-cell infiltration (arrow), and endothelial layer (open
arrowhead). However, corneal tissue sections from infected untreated rats (group 2) showed
a dense focal stratified epithelial layer (filled arrowhead), a stromal layer with apparent
edema, fibrotic changes, massive inflammatory-cell infiltration (arrows), and a dense focal
endothelial layer (open arrowhead). The corneal tissue sections from rats of group 3 and 4
treated with GTX dispersion or GTX-loaded dispersion, respectively, showed a lower extent
of focal stratification of the epithelial layer (filled arrowhead), few or absent lymphocyte
infiltration (arrows), lower degree or absence of edema in the stromal layer and normal
endothelium (open arrowhead). The histological presentation of corneal tissues from rats
treated with GTX-cubosomal dispersion was almost more or less similar to that of the
normal rat corneas. These findings were previously illustrated upon calculation of area %
of corneal opacity.
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Figure 6. Histological structures of rat corneas stained with H&E of normal rat corneas (group 1),
untreated rat corneas infected with MRSA (group 2), rat corneas infected with MRSA and treated with
GTX aqueous dispersion (group 3) and rat corneas infected with MRSA and treated with GTX-loaded
cubosomal dispersion (group 4).

4. Conclusions

Incorporating GTX in cubosomal nanoparticles comprised of GMO and P407 as a
stabilizer improved both in vitro and in vivo performance compared to GTX aqueous
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dispersion. The size of prepared formula was in the nano-range with a relatively high GTX
entrapment. In vivo and in vitro experiments demonstrated that cubosomal formulation
achieved higher corneal permeation and a fourfold reduction in the MIC of GTX against
clinically isolated MRSA strain. The results reveal that cubosomal nanoparticle may be
a promising delivery system for GTX for the treatment of ocular bacterial infections and
reduce the probability of development of new resistant strains of MRSA.
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Abstract: The field of nanotechnology is concerned with the creation and application of materials
having a nanoscale spatial dimensioning. Having a considerable surface area to volume ratio,
nanoparticles have particularly unique properties. Several chemical and physical strategies have been
used to prepare zinc oxide nanoparticles (ZnO-NPs). Still, biological methods using green or natural
routes in various underlying substances (e.g., plant extracts, enzymes, and microorganisms) can be
more environmentally friendly and cost-effective than chemical and/or physical methods in the long
run. ZnO-NPs are now being studied as antibacterial agents in nanoscale and microscale formulations.
The purpose of this study is to analyze the prevalent traditional method of generating ZnO-NPs,
as well as its harmful side effects, and how it might be addressed utilizing an eco-friendly green
approach. The study’s primary focus is on the potential biomedical applications of green synthesized
ZnO-NPs. Biocompatibility and biomedical qualities have been improved in green-synthesized
ZnO-NPs over their traditionally produced counterparts, making them excellent antibacterial and
cancer-fighting drugs. Additionally, these ZnO-NPs are beneficial when combined with the healing
processes of wounds and biosensing components to trace small portions of biomarkers linked with
various disorders. It has also been discovered that ZnO-NPs can distribute and sense drugs. Green-
synthesized ZnO-NPs are compared to traditionally synthesized ones in this review, which shows that
they have outstanding potential as a potent biological agent, as well as related hazardous properties.

Keywords: ZnO-NPs; traditional synthesis; green synthesis; biomedical applications; toxicity

1. Introduction

Nanotechnology is a rapidly developing discipline of science and technology con-
cerned with producing and developing nanomaterials with particle sizes ranging from 1
to 100 nanometers [1]. Recently, the scientific research community worldwide expressed
interest in synthesizing metal and metal oxide nanoparticles (NPs) [2]. The ZnO-NPs are of
huge importance due to their wide variety of applications in photocatalysis, antimicrobial
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defense, and water purification. ZnO-NPs display properties that are distinct from those
of typical NPs [3]. Additionally, these NPs are employed in the cosmetics industry to
produced sunblock creams, which guard the human body against ultraviolet radiations [4].
Due to ZnO-NPs’ characteristics, such as their biocompatibility and non-toxicity, they are
particularly well-suited for specialized biomedical applications [5–7]. Metal oxide NPs are
important components in a wide range of consumer goods, including electronic equipment
and cosmetics. ZnO-NPs are versatile materials with distinct chemical, optoelectronic, and
wettability properties. They are easily made and widely used in a variety of industries,
including wastewater treatment [8].

ZnO-NPs are manufactured using nanotechnology and are extensively used in various
nanotechnology disciplines involving gas sensors [9], biosensors [10,11], cosmetics [12],
ceramics [13], optical devices [14], display window materials for solar cells [15], and drug
delivery [16,17]. Solar cells may directly transform light energy into electricity with their
photovoltaic impact on ZnO-NPs [18].

ZnO-NPs absorb and scatter light very efficiently, making them excellent materials
for optoelectronics applications that operate in the ultraviolet and visible spectrum areas.
ZnO-NPs offer excellent photoluminescence properties, making them suitable for emission
display systems, such as televisions [14]. In terms of photocatalytic degradation, ZnO-NPs
seem to be the most promising choices [19]. The detection of gas leakage and the checking of
gaseous contaminants in the environment may both benefit from semiconductor nano ZnO
gas sensors [9]. ZnO-NPs are used to protect fabrics and wood from UV damage [20]. ZnO-
NPs are made in a way that does not harm the environment, and they can control harmful
microbes. Moreover, ZnO-NPs may be utilized as a treatment activator and a cross-linking
agent in rubber treating, and can promote the vulcanization procedure in rubbers used to
produce industrial and medical gloves, balloons, tires, and other rubber goods [21]. These
substances have excellent antimicrobial and UV absorption properties and are commonly
utilized in sunscreens, lotions, and ointments because of their versatility [12]. Antimicrobial
ZnO-NPs are used in food and in can linings to keep fish, pork, peas, and maize safe from
spoilage. ZnO-NPs have been proposed for next-generation biological applications, such as
the delivery of medication, use as antimicrobial agents, and use as bioimaging probes [22].

The two ways that can be used to synthesize NPs are the top-down approach and the
bottom-up approach (Figure 1). Electro-explosion, etching, sputtering, and mechanical
milling are examples of top-down approaches, whereas bottom-up approaches comprise
three basic methods for producing NPs: physical, chemical, and biological processes [23,24].
It is possible to produce pure, high-quality nanoparticles using conventional methods.
Still, the process is expensive and sometimes results in the development of hazardous
byproducts that may have detrimental consequences when employed for medical pur-
poses. Furthermore, additional capping and stabilizing chemicals are required for these
procedures [25]. This problem exists when NPs are produced using the green pathway, a
bottom-up strategy that results in an oxidation/reduction reaction [26].
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Figure 1. Methods to synthesize NPs from the bottom up and the top down.

Green synthesis can be accomplished using plants, bacteria, fungi, and algae. They
enable the significant manufacturing of pure ZnO-NPs [27]. During green synthesis, a
mixture of different parts of medicinal plants is used to produce NPs. The phytochemicals
play a role as a biocatalyst, capping agent, and organic stabilizer for NPs [28]. The process
does not require high temperatures, pressures, expensive tools, or toxic chemicals [29]. The
green synthesis of NPs is more cost-efficient, toxic-free, and environmentally beneficial
than the expensive and hazardous procedures used before [30,31].

This review highlights the prevalent traditional method of generating ZnO-NPs, as
well as its harmful side effects, and discusses how it might utilize an eco-friendly green
approach. The study’s primary focus is on the potential biomedical applications of green-
synthesized ZnO-NPs.

2. Methodology

To identify the most relevant articles (available in the most well-known medical/biology/
chemical databases, such as Scopus, PubMed, and Web of Science) for this review as
precisely as possible, “zinc oxide nanoparticles,” “traditional techniques,” and “biomedical
applications” were used as primary keywords, and “plant extracts” and “green synthesis”
were used as secondary keywords. An algorithm shown by the flow chart displayed in
Figure 2 (according to the recommendations of Page et al. [32,33]) was used, which inserted
all of the steps/selections requisite for identifying the necessary material in the literature.
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Figure 2. Stages involved in selecting published data for inclusion in the current study are depicted
in a flow chart; n = number of literature reports.

3. Traditional Synthesis of ZnO Nanomaterials

Traditional methods for producing metallic NPs, such as ZnO-NPs, include
mechanochemical and chemical processes. Sol-gel, hydrothermal, microemulsion pro-
cedures, and co-precipitation are all considered classic chemical synthesis approaches.
Mechanochemical synthesis includes high-energy ball milling and laser ablation tech-
niques [34–38]. The benefits and drawbacks of typical ZnO-NPs synthesis methods and
particular innovative and noteworthy examples are briefly explored in the following sec-
tions of this paper.

3.1. Sol-Gel Technique

The transformation of a sol (e.g., a solution comprising inorganic metallic salts) pro-
gressively into a solid “gel” phase over a succession of hydrolysis and polymerization
reactions is most commonly utilized to synthesize metal oxide NPs. Subsequently, the gel
is treated to vaporize the solvents and heated to produce the final product [39–41]. Figure 3
depicts the sol-gel process in a simplified form. Using the sol-gel technique, it is possible
to produce ZnO-NPs in a fine powder-like structure with a controlled chemical composi-
tion [42,43]. This process also has inherent drawbacks, including shrinkage, breaking while
drying, and an inability to manage porosity [41]. Since the protocol is easy to follow and
the critical material is generated quickly, it is frequently discussed in the relevant literature.
Despite its shortcomings, this technique remains one of the most regularly employed. Zinc
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acetate dehydrates (Zn(CH3COO)2.2H2O), and ethanol were utilized as solvents to create
rod-shaped ZnO-NPs in the range of 81.28–84.98 nanometers [23].

Figure 3. Diagrammatic representation of the stages required for the synthesis of metallic NPs (for
example ZnO-NPs) employing the sol-gel process.

ZnO-NPs that averaged 28 nm in diameter with a spherical structure was produced
by Jurablu et al. [44] using the sol-gel process. Zinc sulfate heptahydrate (ZnSO4.7H2O)
and diethylene glycol (C4H10O3) surfactants were utilized in this method. Additionally,
ZnO-NPs with a mean particle size between 12 and 30 nm were produced using a mixture
of ammonia and methanol, as well as Zn(CH3COO)2.2H2O as the precursor in a sol-gel
process, which resulted in spherical ZnO-NPs in the range of 50–60 nm [43,45].

3.2. Hydrothermal Technique

An autoclave is a closed reaction vessel with high pressure and high temperature,
where hydrothermal activities are carried out. Under high temperature and high pressure,
the insoluble or challenging-to-dissolve materials are dissolved [46]. Various solvents can
be utilized in these reactions, such as water or organic solvents such as ethanol or polyols,
known as hydrothermal or solvothermal techniques, respectively [47,48]. An example
of a hydrothermal procedure is shown in Figure 4. In addition to high product purity
and crystallinity, hydrothermal methods control the final nanostructure size, shape, and
crystal phase with little pollution due to the closed system environment [37,48]. Since
the procedure is deemed environmentally beneficial, it is included in the green methods
for producing ZnO-NPs. This method has some negatives; for example, it requires an
extremely expensive autoclave and it has limitations for studies because the reactor cannot
be kept open. There are also potential safety hazards throughout the autoclave procedure,
which can be a concern [35,49,50]. Hydrothermal/solvothermal techniques, like the sol-gel
strategy, are simple to start up. Examples include a study by Bharti and Bharati [51], which
used a hydrothermal method to manufacture a length scale of 15.8–25 nm ZnO-NPs and
various morphologies. ZnO-NPs with cylinder-shaped pores ranging from 9 to 12 nm in
width were also manufactured by Reddy et al. [52], with the help of zinc nitrate hexahydrate
(Zn(NO3)2.6H2O) and sodium hydroxide (NaOH). Similarly, by utilizing an autoclave unit,
Wirunmongkol et al. [52] produced ZnO-NPs in which NaOH and Zn(NO3)2.6H2O were
used as the initial precursors. Shaped like tiny prisms and flowers, the NPs were between 30
and 80 nm wide and 0.5–0.1 µm long, depending on the type of material used to make them.
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Figure 4. Diagrammatic representation of the stages required for metallic ZnO-NPs synthesis em-
ploying the hydrothermal technique.

3.3. Co-Precipitation Technique

The co-precipitation technique creates metallic NPs by simultaneous nucleation fol-
lowed by growing and then agglomerating tiny nuclei. The co-precipitation process is
depicted in Figure 5. This process has several advantages, including ease of use, minimal
need for high temperatures, and ease of overall energy management [35]. As a side note,
this approach has one significant drawback: it produces NPs with large quantities of water
molecules attached to them [53]. Additionally, batch-to-batch repeatability issues, a wide
range of particle sizes, and severe agglomeration are negatives [35,54,55]. However, re-
markable instances include zinc acetate solution in methanol, in which spherical ZnO-NPs
were synthesized by co-precipitation ranging between 2 and 10 nm in particle size. In
contrast, a co-precipitation method using zinc acetate dihydrate, hydrochloric acid, and
ammonia as reactants was used to manufacture ZnO-NPs. The ZnO-NPs was discovered to
have a pseudo-spherical form with an average particle size between 11 and 20 nm [56,57].
A similar co-precipitation approach was used by Adam et al. [58] to produce ZnO-NPs
with an average diameter of 140 nm.

Figure 5. Diagrammatic representation of the stages required for ZnO-NPs synthesis employing the
co-precipitation method.

3.4. Microemulsion Technique

Water droplets colliding with each other in a microemulsion environment resulted in
a precipitation reaction, which led to the formation of NPs with surfactant-stabilized nucle-
ation. The microemulsion process is depicted in Figure 6. The rewards of this approach
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include its simplicity, thermodynamic stability, and low accumulation. Microemulsion tech-
niques have several drawbacks, including the impact of temperature and pH on the stability
of the microemulsion and the persistent demand for highly concentrated surfactants and/or
cosurfactants that may irritate [35]. ZnO-NPs have been manufactured in microchannel
reactor systems with an average diameter of 16 nanometers by Wang et al. [59]. Following a
drying period of 2 h at 130 ◦C, the ZnO-NPs were then calcined at 550 ◦C for 3 h. ZnO-NPs
were also produced by Li et al. [60] via a simple procedure of microemulsion, with diverse
morphologies including columnar and spherical.

Figure 6. Diagrammatic representation of the stages required for metallic ZnO-NPs synthesis em-
ploying the microemulsion method.

3.5. Laser Ablation Technique

A typical laser ablation technique can remove metallic ions from metal surfaces by
employing a laser beam and a small liquid quantity of methanol, ethanol, and purified
water. The surface is immersed in the liquid. A schematic representation of the laser
ablation approach is shown in Figure 7. Simplicity, and a quite safe procedure from an
environmental standpoint, are two of the approach’s advantages, resulting in a process
that is both efficient and simple to carry out [61]. Pyrolysis byproducts (the result of laser
ablation when organic substances are present) have yet to be fully clarified and need to be
addressed [62]. The works of Al-Dahash et al. [63] are exciting: with laser ablation in NaOH
aqueous solution, they could produce ZnO-NPs from 80.76 to 102.54 nm with a spherical
structure. In addition, Farahani et al. [64] used a zinc target in a solution of methanol and
distilled water to generate ZnO-NPs with a roughly spherical morphology ranging from 1
to 30 nm by laser ablation. In the same way, Mintcheva et al. [61] indicated that they made
ZnO-NPs that were rod-shaped, 30 nm in diameter, and 40–110 nm in size.
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Figure 7. Diagrammatic representation of the stages required for metallic NPs synthesis (for example
ZnO-NPs) employing laser ablation.

3.6. High-Energy Ball Milling Techniques

The high-energy ball milling technique is a manufacturing process that produces fine
metal NPs in an elevated shaker mill [65]. This technology is depicted in Figure 8. Its key
advantage is the ability to generate vast quantities of material simultaneously. Its downsides
include contaminants from milling balls and/or from the environment and irregularly
shaped NPs that result from this process [66–68]. ZnO-NPs may still be synthesized using
commercially available ZnO powder with a mean of 0.8 m particle size, as demonstrated
by Prommalikit et al. [69], who used high-energy ball milling to manufacture ZnO-NPs.
Particles with a final size of 200–400 nm were obtained through milling. In a similar vein,
Mohammadi et al. [70] synthesized rod-shaped ZnO-NPs in the 20–90 nm range using a
high-energy ball milling technique. Salah et al. [70] employed the same high-intensity ball
milling procedure to make ZnO-NPs from ZnO microcrystalline powder. The samples
were ground into a ball mill for 2, 10, 20, and 50 h. The size of the particles changed over
time, according to the results. The smaller the particle size is, the longer the ball milling
process lasts. Spherical ZnO-NPs with approximately 30 nm particle sizes were found in
the milled sample.

Figure 8. Diagrammatic representation of the stages required for metallic NPs synthesis (for example
ZnO-NPs) employing high-energy ball milling procedures.
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4. Green Synthesis of ZnO-NPs
4.1. Green Synthesis of ZnO-NPs Using Plant Extract

Because of the unique phytochemicals that they generate, plant components, for
instance, the root, stem, leaf, seed, and fruit, have been employed to fabricate ZnO-NPs.
The use of organic isolates of plant parts is a highly eco-friendly, cost-efficient method
that does not need intermediary base groups. It takes a fraction of the time, requires
no expensive equipment or precursors, and produces a highly natural and magnitude-
enriched product devoid of contaminants [71]. Plants are considered a popular source of
NP synthesis because they allow for the significant production of NPs with various shapes
and sizes [72].

Phytochemicals, such as polysaccharides, vitamins, alkaloids, polyphenolic com-
pounds, amino acids, and terpenoids released by plants, decrease metal oxides or metal
ions to around 0 valence metal NPs [71,72]. The plant portion’s manufacturing of ZnO-NPs
extracted from flowers or leaves is mainly processed via being bathed in running tap water
and sterilized double distilled water. The plant portion is then allowed to dry at room
temperature before being weighed and crushed with a mortar and pestle. The necessary
amount of Milli-Q H2O is added to the plant component and boiled under vigorous agita-
tion using a magnetic stirrer [71–75]. The plant’s extractions are made by filtration through
Whatman filter paper (sample). To ensure efficient mixing, the mixture is heated to the
necessary temperature for the necessary time to integrate the extract into 0.5 mm of hydrous
zinc sulfate or zinc nitrate, or ZnO or solution [74,75]. At this point, some experiments
were done with extract concentration, temperature, duration, and pH to see what works
best. An incubation period causes the mixture to turn yellow as visual proof of the newly
produced NPs [74,75].

Next, the mixture is centrifuged and dried in a hot oven to obtain the crystal NPS
from the synthesized NPs, and confirmed by UV-Vis spectrometry [76]. To further charac-
terize the synthesized NPs, various techniques, such as Field Emission Scanning Electron
Microscopy (FE-SEM, JEOL IT800 series, New York, NY, USA), X-ray Photoelectron Mi-
croscopy (XPS, Phadke Instruments Private Limited, Maharashtra, India), Energy Disper-
sion Analysis of X-ray (EDAX, Nunes Instruments, Tamil Nadu, India),Scanning Electron
Microscopy (SEM, Analytical Technologies Limited, Gujarat, India), X-ray diffractometer
(XRD, Expert Vision Labs Pvt. Ltd., Maharashtra, India), UV-Visible Diffuse Reflectance
Spectroscopy (UV-DRS, Nunes Instruments, Tamil Nadu, India), Fourier Transform In-
frared Spectroscopy (FTIR, Alliance Enterprise, Mumbai, India), Transmission Electron
Microscopy (TEM, Expert Vision Labs Pvt. Ltd., Maharashtra, India), and Atomic Force
Microscopy (AFM, V Instek Analytical, Gujarat, India), are propagated [75–77]. Microwave
irradiation (MI, V Instek Analytical, Gujarat, India) takes less time than conventional
heating (CH), according to an experiment by Jafarirad et al. [78], and this is due to the
higher level of heating provided by MI and a consequently faster response rate. Anisochilus
carnosus [79], Plectranthus amboinicus [80], and Vitex negundo [81], members of the Lamiaceae
family, have been widely investigated; the size of produced NPs reduces as the content of a
plant extract increases [79–81].

Additionally, results comparing the size ranges recorded using other techniques, such
as FE-SEM, TEM, and XRD, revealed similar range values [80,81]. SEM and EDAX yielded
results that differed slightly from those of XRD. According to the Debye-Scherrer equation,
NPs synthesized from the leaves and flowers of Vitex negundo had the same diameter of
38.17 nm, validated by XRD analysis [81]. For the fabrication of ZnO-NPs, the leaves of the
Azadirachta indica of the Meliaceae family were the ones most typically employed [82,83].
XRD and TEM examination verified that the NPs in all trials were in the same size range,
with spherical and hexagonal disc-shaped NPs and Nano buds carboxylic acid, alkane,
amine alcohol, carbonate moieties, and amide were involved in the synthesis of NPs,
as evidenced by FTIR investigations. Aloe vera leaf extract and leaf peel belong to the
Liliaceae family [84,85]. The size of synthesized NPs differed (NPs synthesized from peel
were more extensive, as validated by SEM and TEM studies), but the forms were similar
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(hexagonal and spherical). Agathosma betulina, Pongamia pinnata, Plectranthus amboinicus,
Nephelium lappaceum, and Calatropis gigantea were extracted for synthesized NPs, which
form aggregates [86]. Plants employed to synthesize ZnO-NPs up to these points are
included in Table 1.

Table 1. ZnO-NPs synthesized using a plant-mediated process.

Common Name Plant (Family) Extraction Part Functional Group Shape Size (nm) References

Coptis Rhizome Coptidis rhizoma
(Ranunculaceae) Dried Rhizome

Primary and secondary
amine, aromatic,

aliphatic amine, alcohol,
carboxylic acid, alkyl
halide, and alkynes.

Spherical,
rod-shaped 2.9–25.2 (TEM) [87]

Neem Azadirachta indica
(Meliaceae) Fresh leaves Amine, alcohol, ketone,

carboxylic acid Spherical 18 (XRD) [88]

Indian beech Pongamia pinnata
(Legumes) Fresh leaves

O-H stretching, C=O
spreading carboxylic

acid or their ester,
C-O-H bending mode.

Spherical,
hexagonal, nanorod

26 (XRD),
agglomeration of
100 (DLS, SEM,

TEM)

[89]

Red Rubin basil Ocimum basilicum
(Lamiaceae) Leaf extract - Hexagonal

(wurtzite)
50 (TEM, EDS),

14.28 (XRD) [90]

Bhuiamla, stone
breaker

Phyllanthus niruri
(Phyllanthaceae) Leaf extract

O-H, C-H, C-O
stretching, aromatic

aldehyde.

Hexagonal wurtzite,
quasi-spherical

25.61 (FE-SEM &
XRD) [91]

Buchu Agathosma betulina
(Rutaceae) Dry leaves O-H of hydroxyl group,

Zn-O stretching band
Quasi-spherical

agglomerates
15.8 (TEM), 12–26

(HRTEM) [92]

Red clover Trifolium pratense
(Legumes) Flower Hydroxyl, -C-O, -C-O-C,

C=C stretching mode. Spherical 60–70 (XRD) [93]

Kapurli Anisochilus carnosus
(Lamiaceae) Leaf extract

O-H of water, alcohol,
phenol C-H of alkane,
O-H of carboxylic acid,
C=O of the nitro group.

Hexagonal wurtzite,
quasi-spherical

56.14 (30 mL of
extract), 49.55
(40 mL), 38.59
(50 mL) [XRD],

20–40 (FE-SEM),
30–40 (TEM)

[79]

Water hyacinth E. crassipes
(Pontederiaceae) Leaf extract - Spherical without

aggregation
32–36 (SEM &

TEM), 32 (XRD) [94]

Dog rose Rosa canina
(Rosaceae) Fruit extract

C-O and C=O of esters,
hydroxyl, C-H

stretching.
Spherical

[13.3 (CH), 11.3
(MI)] (XRD),
[25–204 (CH),

21–243 (MI)] (DLS),

[7]

Black nightshade Solanum nigrum
(Solanaceae) Leaf extract

O-H, aldehydic C-H,
amide III bands of

protein, carboxyl side
group, C-N of amine, the

carbonyl group

Wurtzite hexagonal,
quasi-spherical

20–30(XRD and FE-
SEM),29.79(TEM) [95]

Aloe vera Aloe vera (Liliaceae) Freeze-dried leaf
peel - Spherical,

hexagonal 25–65 (SEM & TEM) [84]

Neem Azadirachta indica
(Meliaceae) Leaf

Amide II was stretching
band, C-N stretching

band of aliphatic,
aromatic amide, an

aliphatic amine, alcohol,
phenol, secondary

amine, C-H of alkane
and aromatics, C=C-H of
alkynes, C=O, C-C of an

alkane.

Spherical 9.6–25.5 (TEM) [82]

Drumstick tree Moringa oleifera
(Moringaceae) Leaf

O-H, C-H of alkane,
C=O of alcohol,
carboxylic acid

Spherical and
granular nano-sized
shape with a group

of aggregates

24 (XRD), 16–20
(FE-SEM) [96]

Coconut Cocus nucifera
(Arecaceae) Coconut water

O-H of alcohol and a
carboxylic acid, C=O of

ketones, C-N of aromatic
and aliphatic amines,

Spherical and
predominantly

hexagonal without
any agglomeration

20–80 (TEM), 21.2
(XRD) [97]

Cotton Gossypium
(Malvaceae) Cellulosic fiber O-H, [C=O, C-O, C-O-C]

(due to Zn precursor)
Wurtzite, spherical,

nanorod 13 (XRD) [98]
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Table 1. Cont.

Common Name Plant (Family) Extraction Part Functional Group Shape Size (nm) References

Santa maria
feverfew, carrot
grass, congress

weed

Parthenium
hysterophorus
(Asteraceae)

Leaf extract

N-H bending & N-H
stretching mode, a

phosphorus compound,
secondary sulfonamide,
monosubstituted alkyne,
amine salt, vinyl cis-tri

substituted

Spherical,
hexagonal

22–35 (50% plant
extract), 75–90 (25%
plant extract) (XRD,

TEM)

[99]

Neem Azadirachta indica
(Meliaceae) Fresh leaves O-H between H2O and

CO2, carbonate moieties
Hexagonal disk,

nanobuds
10–30 (TEM), 9–40

(XRD) [83]

Mexican mint Plectranthusamboinicus
(Lamiaceae) Leaf extract Zn-O, C-O of C-O-SO3,

phosphorus compound

Rod-shaped
nanoparticles with

agglomerates
50–180 (SEM) [100]

Crown flower Calatropis gigantea
(Apocynaceae) Fresh leaves -

Spherical-shaped
forming

agglomerates
30–35 (SEM) [101]

Nochi Vitex negundo
(Lamiaceae) Flowers - Hexagonal 38.17 (XRD), 10–130

(DLS) [30]

Sandalwood S. album
(Santalaceae) Leaves

N-H stretching of amide
II, carboxylate group,

carbonyl stretching, O-H
of alcohol

Nano rods 100 (DLS & SEM),
70–140 (TEM) [102]

Nochi Vitex negundo
(Lamiaceae) Leaf OH, C-H, C=C

stretching band. Spherical 75–80 (SEM & EDX),
38.17 (XRD) [103]

Rambutan Nephelium lappaceum
(Sapindaceae) Fruit peels O-H stretching, H-O-H

bending

Needle-shaped
forming

agglomerate
50.95 (XRD) [104]

Aloe Vera Aloe Vera (Liliaceae) Leaf extract

O-H of phenol, amines,
O-H of alcohol, and C-H
of alkanes, the amide of
protein and enzymes.

Spherical, oval,
hexagonal 8–20 (XRD) [85]

African tulip tree
Sphathodea

campanulata
(Bignoniaceae)

Leaf extract
O-H stretching of

polyphenols, nitrile
group, C-H, C=O group

Spherical 30–50 (TEM) [105]

4.2. ZnO-NPs Green Synthesis Using Bacteria

There are various drawbacks to employing bacteria to synthesize NPs, including the
time and effort necessary to screen microbes, the need for constant observing of culture
broth and the entire process, the NPs’ shape and size, and the expense of the media
used to grow bacteria. Using an eco-friendly technique, the photocatalytic activity and
degradation of nanoflowers ZnO were demonstrated by B. licheniformis. The photocatalytic
action for these nanoflowers was shown to be improved when compared to existing
photocatalytic materials. It has been speculated that the more considerable oxygen vacancy
in the produced NPs provides this property. It is possible to employ photocatalysis as a
bioremediation method because it generates active species by absorbing light. Synthesized
nanoflowers based on B. licheniformis were 40 nm wide by 400 nm long [106].

Rhodococcus can persist in unfavorable conditions and metabolize hydrophobic sub-
stances, which enables it to contribute to biodegradation [107]. Rhodococcus pyridinivorans
and zinc sulfate were used to manufacture spherical NPs with a 100–130 nm size range,
which XRD and FE-SEM assessment confirmed. In addition, FTIR examination indicated
the existence of mononuclear benzene band, secondary sulfornamide, lactone, amine salt,
monosubstituted alkyne, enol of 1-3-di ketone, hydroxy aryl ketone, amide I bending
band, alkane, amide II stretching band, and phosphorus compound [108]. NPs of ZnO
were created using Aeromonas hydrophilla as a substrate for ZnO synthesis. AFM and XRD
analyses showed that the NPs produced had a size range of 42–64 nm and diverse forms
including oval and spherical [109]. Because it is difficult for rhamnolipid to make micelle
aggregate on carboxymethyl cellulose, this helps keep ZnO-NPs from breaking apart into
micelle groups, making them more stable [110]. Because of its lengthy carbon chain, it
works as a better capping agent [111]. The TEM, XRD, and DLS analyses revealed the
synthesis of spherical NPs with a nano size range of 27–81 nm [111]. The properties of
ZnO-NPs produced utilizing bacterial strains are shown in Table 2.
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Table 2. Synthesis of ZnO-NP using bacterial strain.

Family Bacterial Strain Functional Group Shape Size (nm) References

Bacillaceae Lactobacillus sporogens - Hexagonal unit cell 5–15 (TEM), 11 (XRD) [112]

Pseudomonadaceae Pseudomonas
aeruginosa

O-H stretching vibration,
-CH of aliphatic stretching

vibration, ester carbonyl
group.

Spherical 35–80 (TEM), 27
(XRD), 81 (DLS) [113]

Pseudomonadaceae Aeromonas hydrophila
Phosphorus compound,
vinyl cis-trisubstituted,

monosubstituted alkyne
Spherical, oval 57.72 (AFM), 42–64

(XRD) [114]

Bacillaceae B.licheniformis

0-H, N-H,-C-O (carbonyl
stretching in the amide I
and amide II linkage of
protein), C-N stretching

bond.

Nanoflowers
200 with nanopetals
40 in width and 400

in length (TEM)
[108]

Nocardiaceae Rhodococcus
pyridinivorans

Phosphorus compound,
secondary sulfornamide,
monosubstituted alkyne,
β-lactone, amine salt,

amide II stretching band,
enol of 1-3-di ketone, a

hydroxy aryl ketone, amide
I bending band, alkane,
mononuclear benzene

band.

Hexagonal phase,
roughly spherical

100–120 (FE-SEM),
120–130 (XRD) [110]

Enterobacteriacea Serratia ureilytica
(HM475278) - Spherical- to

nanoflower-shaped

170–250 (30 min),
300–600 (60 min),
185–365 (90 min)

[SEM]

[115]

4.3. ZnO-NPs Green Synthesis Using Microalgae and Macroalgae

Unicellular algae (chlorella) and multicellular algae (chlorophyll) are examples of
photosynthetic organisms (for instance, brown algae). Basic plant structures, such as leaves
and roots, are absent from algae. Marine algae are classified according to the pigments
they contain, such as Rhodophyta, Phaeophyta, and chlorophytes, which have red, brown,
and green pigments, respectively. For the formation of Au and Ag NPs, algae have been
extensively exploited. However, their utilization for ZnO-NPs synthesis has been limited
and documented in relatively few works [92]. The potential of microalgae to break down
hazardous metals and transform them into less harmful forms has drawn significant
attention [116]. S. muticum and S. myriocystum, both Sargassaceae plants, were employed
to synthesize ZnO-NPs. Sulfated polysaccharides were present in the NPs investigated
by XRD and FE SEM, revealing similar NP sizes and hexagonal wurtzite structure. For S.
myriocystum, DLS and AFM measurements demonstrated varied size ranges, with carbonyl
and hydroxol stretching in NPs that vary substantially in form [99]. The micro- and
macro-algae listed in Table 3 were used to synthesize ZnO-NPs.

Table 3. Synthesis of ZnO-NPs using algae.

Algal Strain Family Size (nm) Shape Functional Group Reference

Chlamydomonas
reinhardtii Chlamydomonaceae 55–80 (HR-SEM), 21

(XRD)
Nanorod, nanoflower,

porous nanosheet

C=O stretching, N-H bending
band of amide I and amide II,

C=O stretch of zinc acetate,
C-O-C of polysaccharide

[117]

S. myriocystum Sargassaceae 46.6 (DLS), 20–36 (AFM) Spherical, radial,
triangle, hexagonal, rod

O-H and C=O stretching band,
carboxylic acid [118]

Sargassum muticum Sargassaceae 30–57 (FE-SEM), 42
(XRD) Hexagonal wurtzite

Asymmetric stretching band of
the sulfate group, an

asymmetric C-O band
associated with C-O-SO3 &

-OH group, sulfated
polysaccharides

[119]
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4.4. ZnO-NPs Green Synthesis Using Fungus Theorem

Extensive production, easy downstream processing, and commercial feasibility make
extracellular NPs from fungi beneficial [120]. Because of their higher tolerance and their
ability to bioaccumulate metals, fungi are preferred over bacteria [121]. Mycelia of As-
pergillus fumigatus were used to produce ZnO-NPs. According to the DLS study, NPs
ranged from 1.2 to 6.8 in area size, with a 3.8 average size. AFM established the average
height of NPs to be 8.56 nm for 90 days, with a significant particle size of more than 100 nm.
After 90 days, they developed an agglomeration with an average particle size of 100 nm,
indicating that the produced NPs were stable for 90 days [122]. SEM confirmed a size
range between 54.8–82.6 nm for NPs produced from Aspergillus terreus that belong to the
Trichocomaceae family. XRD investigation results revealed a 29 nm average size, which
was determined using the Debye-Sherrer equation. FTIR analyses indicated the formation
of primary alcohol, aromatic nitro compounds, and amine in the produced NPs [123]. SEM,
TEM, and XRD analysis verified that NPs generated with Candida albicans had a comparable
size range of 15–25 nm [124]. In most cases, ZnO-NPs developed from Aspergillus species
were spherical. Table 4 lists the fungi most typically employed for ZnO-NPs production

Table 4. Synthesis of ZnO NPs using fungi.

Family Fungal Strain Functional Group Shape Size (nm) Reference

Trichocomaceae Aspergillus strain - Spherical forming
aggregates 50–120 (SEM) [125]

Trichocomaceae Aspergillus terreus

C-N bond of primary
amine, C-O of a primary

alcohol, primary and
secondary alcohol, N=O

aromatic nitro compound,
alkyl C=C, amide,

open-chain amino group

Spherical 54.8–82.6 (SEM), 29
(XRD) [126]

Candida albicans -
Quasi-spherical,
hexagonal phase

(wurtzite structure)

25 (XRD), 15–25
(SEM), 20 (TEM) [124]

Trichocomaceae Aspergillus fumigatus
TFR-8 -

Oblate spherical and
hexagonal forming

aggregates

1.2–6.8 (DLS), 100
(agglomerate) [106]

4.5. ZnO-NPs Green Synthesis Using Other Green Sources

NPs can be synthesized using biocompatible chemicals and alternative green sources.
NP nucleation and synthesis reactions can be carried out within a short time and cost-
efficiently. They result in the production of NPs with a well-dispersed nature that may be
precisely regulated in shape and size [127]. Antibacterial capabilities improved in 99.9% of
NPs produced using a wet chemical method when layered on cotton fabric [128]. Table 5
summarizes a few more green resources used to synthesize ZnO-NPs.

Table 5. Synthesis of ZnO-NPs by proteins.

Others Size (nm) Shape Functional Group References

Egg albumin 16 (XRD), 10–20 (TEM),
8–22 (AFM)

Spherical, Hexagonal
wurtzite Hydroxyl group [129]

L-alanine 50–110 (TEM, SEM) - Hydroxyl group, C-O
vibration of Schiff- base. [130]

Soluble starch 50 (SEM) - - [131]

5. Biomedical Applications of Green-Synthesized ZnO-NPs

There has been a sharp rise in attention to NP research in the past decade, particularly
in regard to biological applications [132]. Since nanotechnology has been integrated into

67



Materials 2022, 15, 2160

medical research, a more excellent grasp of molecular biology has been achieved. As a
result, innovative treatment strategies may be possible for illnesses that were previously
impossible to address due to size limits [133]. For biomedical applications, the formulation
of biofunctional NPs has attracted various research groups that are continually addressing
this subject [134]. Biomedical applications of ZnO-NPs are now under investigation using
a wide range of materials and chemical synthesis processes, as we have discussed in this
study. As an ecological element and part of nature’s intrinsic materials, zinc has a vital
role in human, animal, and plant metabolism. Zinc is required for all living species, which
must be exposed to environmentally appropriate amounts of zinc in the biosphere. ZnO
is extensively utilized in cosmetic, pharmaceutical, and medicinal applications, and as
a nutritional supplement. Even though ZnO dust and fumes are typically considered
harmless, breathing them should be avoided. Regulations have been put in place to limit
the risk of exposure [135]. Figure 9 depicts the green production and uses of ZnO-NPs.

Figure 9. An illustration of the green synthesis and use of ZnO-NPs.

5.1. ZnO-NPs Antibacterial Activity

Organic and inorganic materials are the most common divisions in pharmaceutical
medicinal agents. Organic medicinal drug substances have been found to be less stable
at high temperatures and high pressures, when compared with inorganic medicinal drug
substances [136]. ZnO-NPs are powerful pharmacological agents for therapeutic appli-
cations. ZnO-NPs seem to have a significant therapeutic drug activity when compared
with microparticles. It is noteworthy that the specific mechanisms of medicinal drug action
have not been wholly established [137]. Both gram-positive and gram-negative bacteria are
germicidal to ZnO-NPs [138], and the ZnO-NPs also include medical therapeutic actions
against high temperature and high pressure-resistant spores. Research shows that their
extent and concentration influence ZnO-NPs’ medicinal properties, but not their crystalline
structure or particle type. Therefore, the more NPs there are, the more potent the medical
medicine [139].

Synthesized ZnO-NPs, which have natural antibacterial effects and are photocatalytic
in the ultraviolet (UV-B) light range, can create potent hydroxyl (-OH) free radicals to
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kill dangerous pathogens and germs at wound sites [140]. This observation led to the
development of a 3D printed customized wound-healing template made of ZnO-NPs that
were uniformly scattered within an alginate template, which can be easily created and
contour-printed to the exact size and depth of a wound. 3D printing consist of the adding
of material layer by layer, allowing for the fabrication of unique shapes and customizability,
which are crucial in biomedical areas such as tissue engineering and pharmaceuticals [141].

ZnO-NPs’ medical medication action mechanism is still a mystery. Hydrogen peroxide
emission may be the essential factor in the action of therapeutic drugs. It is also possible
that the mechanism is due to the binding of particles on the bacterial surface, owing
to static tensions [142]. According to the results, the antibacterial activity of ZnO-NPs
seems to be stronger than that of tiny particles. Particle dosage, treatment duration, and
the NP production process influence NPs’ efficacy. Furthermore, the surface area and
the size of particle variation, which are noteworthy in green-synthesized ZnO-NPs, are
responsible for enhanced antibacterial activity. Future medical difficulties might benefit
from green-synthesized ZnO-NPs applications in food safety and agriculture that have not
yet been confirmed [143]. Table 6 provides applications of green-synthesized ZnO-NPs for
antibacterial purposes.

Table 6. Green-synthesized ZnO-NPs applications for antibacterial purposes.

Platform Raw Material Size System Targeted Bacteria Reference

Bacteria-mediated

Bacillus megaterium 45–95 nm ZnO-NPs • H. pylori [144]

Bacillus
licheniformis 10–100 nm ZnO-NPs

• P. aeruginosa
• Proteus vulgaris
• Bacillus subtilis
• Bacillus pumilus

[145]

Plant-mediated

Cassia fistula 5–15 nm ZnO-NPs

• Klebsiella aerogenes
• E. coli
• Plasmodium

desmolyticum

[146]

Trifolium pretense 60–70 nm ZnO-NPs

• P. aeruginosa
• E. coli
• S. aureus

[93]

Boerhavia diffusa 140 nm ZnO-NPs • MRSA [147]

Artocarpus
gomezianus

39, 35, 31 nm
prepared with 5,
10 and 15 mL of

10% extract

ZnO-NPs • S. aureus [148]

Sechium edule 30–70 nm ZnO-NPs
• Bacillus subtilis
• Klebsiella pneumonia

[149]

Azadirachta indica 9.6–25.5 nm ZnO-NPs

• Streptococcus pyogenes
• E. coli
• S. aureus

[82]

Azadirachta indica 9–40 nm ZnO-NPs
• Klebsiella aerogenes
• S. aureus

[83]

Acalypha indica 20 nm ZnO-NPs
• E. coli
• S. aureus

[150]
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Table 6. Cont.

Platform Raw Material Size System Targeted Bacteria Reference

Tabernaemontana
divaricata 20–50 nm ZnO-NPs

• E. coli
• S. aureus
• Salmonella paratyphi

[151]

Laurus nobilis 47.27 nm ZnO-NPs
• P. aeruginosa
• S. aureus

[152]

Ruta graveolens 28 nm ZnO-NPs

• Klebsiella aerogenes
• P. aeruginosa
• E. coli
• S. aureus

[31]

Aristolochia indica 22.5 nm ZnONPs

• Multi-drug resistant
organisms (MDROs)
isolated from pus
samples of DFU
patients

[153]

Allium sativum 14 and 27 nm ZnO-NPs

• S. aureus
• Bacillus subtilis
• L. monocytogenes
• E. coli
• Salmonella typhimurium
• P. aeruginosa

[153]

Bauhinia tomentosa 22–94 nm ZnO-NPs
• E. coli
• P. aeruginosa

[154]

Ulva lactuca 10–50 nm ZnO-NPs

• Bacillus licheniformis
• Bacillus pumilis
• E. coli
• Proteus vulgaris

[155]

Amaranthus
spinosus

243 nm
undoped/197 nm
1%-Fe-ZnO-NPs

Undoped and
Fe-doped
ZnO-NPs

• E. coli
• Bacillus safensis [156]

Hibiscus
rosa-sinensis 15–170 nm Fe-doped

ZnO-NPs
• E. coli [157]

G. sylvestre

138 nm, 52 nm,
59 nm, and 63

nm for undoped,
La-, Ce-, and

Nd-doped

Lanthanum-,
cerium-, and
neodymium-

doped
ZnO-NPs

• S. aureus
• Streptococcus pneumonia [158]

5.2. ZnO-NPs Antimicrobial Potential

ZnO is explored as a potential drug carrier in micro-and nanoscale formulations.
Even though the medicament-specific mechanisms are not fully understood, it has been
proposed that the ROS produced on the particle’s surface, membrane dysfunction, zinc
ion release, and the NPs’ acquisition area unit are the common causes of cell swelling.
Management of ZnO-NPs at elevated temperatures significantly affects their therapeutic
activity, whereas treatment at lower temperatures reduces activity. The mechanisms un-
derlying ZnO-NPs’ medicament activity are unknown. While it is hypothesized that oxide
generation contributes to such activity, it is indicated that the binding between particles
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and microorganism surface, due to electrical forces, could be a mechanism for ZnO-NPs’
medicament behavior. This could be accomplished using oxygen electrode analysis and
chemiluminescence. Metal NPs are highly ionic and can be generated with exceptional
crystal and high surface, and morphologies with varying edge/corner and reactive sur-
face sites. The ZnO-NPs area unit is subject to current research concerning therapeutic
procedures with ablation regimens. Despite having a more significant thermal effect on
neoplasm ablation, NPs will provide an antineoplastic medical specialty with a synergetic
anticancer impact at the time of heat presence. They may even be imaged to achieve precise
medical assistance. Numerous experiments revealed that understanding the molecular
mechanism underlying tumor-mediated NP ablation will aid in the development of NPs
with appropriate composition and characteristics to induce the ablation property [159–161].

5.3. Proliferating Cells Selective Killers

ZnO cancerous cells are killed by ZnO-NPs, whereas healthy cells are
unaffected [162,163]. Before ZnO-NPs can be used medically, a slew of issues must be
addressed, including a lack of biocompatible dispersion procedures and a more profound
knowledge of the mechanism underlying their selective cytotoxicity [142]. To date, there
have only been a few investigations on the ZnO-NPs cytotoxicity mammal cells, and ex-
perts are divided about the importance of the results that have been published. A study
found that ZnO-NPs have no influence on T cells’ viability in both gram-negative and
gram-positive microorganism concentrations [164]. According to various publications,
these NPs are harmless with respect to the culture of human dermal fibroblasts; still, they
are harmful to metastatic tumor cells [165] and the cells of vascular endothelial [166],
triggering programmed cell death in neural stem cells. It has been stated that the NPs’
size can affect cell viability. Jones et al. [34] discovered that ZnO-NPs with a diameter
of eight nm were more hazardous than were larger zinc oxide particles (50–70 nm) in
Staphylococcus aureus. Hanley et al. [167] recently established a reverse relationship between
class cells’ toxicity and NP size, such as reactive oxygen species (ROS) production. In
contrast, Deng et al. [168] showed ZnO-NPs’ toxic influence on nervous stem cells in a
dose-dependent manner, regardless of particle size.

5.4. ZnO-NPs Anticancer Effects

ZnO cancer nanotechnology has vast implications for molecular identification, molec-
ular imaging, and tailored medical treatment, according to the nursing knowledge domain
area of analysis in engineering, science, and medications. To put it simply, nanometer-sized
particles, such as semiconductor quantum dots and iron chemical complex nanocrystals,
exhibit optical, magnetic, or structural features that are not found in molecules or bulk
materials. As soon as these NPs are attached to antigen-targeting ligands, such as anti-
bodies or peptides, they can target neoplasm antigens as biomarkers as well as neoplasm
vessels with significant similarity and specificity. Because of their large surface areas and
functional groups, many diagnostic and therapeutic substances can be conjugated to NPs
in the 5–100 nm diameter range. A junction rectifier to bio-affinity NPs for molecular and
cell imaging can provide customized medical treatment using NP medication. Researchers
have recently developed and incorporated nano-devices to detect and screen cancer in early
stages. Biomarkers for cancer diagnosis and treatment based on individualized molecular
profiles and tailored genetic and super molecular biomarkers are now possible because of
these breakthroughs in personalized medicine [169].

Several types of research have indicated that ZnO-NPs positively influence cancer
cell growth. It was found that the cell response to ZnO-NPs was dynamic. Hence, the
final composition was affected by multiple challenging or intersecting signals in the mi-
croenvironment, as revealed by Premanathan et al. [142]. ZnO-NPs were more hazardous
to HL60 cancer cells than to normal PBMCs with a therapeutic index, according to the
findings (i.e., hepatotoxic dose) [142]. The inability to distinguish between traditional and
changed tissues in malignant neoplasm medicine may be of essential clinical interest and
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the biggest hurdle in treatment [170]. Even though various commonly prescribed drugs
can slow down the rate at which cells divide, many of these treatments have a low thera-
peutic index [171,172]. Table 7 summarizes the anticancer uses of ZnO-NPs synthesized
by the green synthesis technique, whereas Figure 10 illustrates the molecular mechanisms
underpinning green ZnO-NPs’ anticancer action.

Table 7. Anticancer applications of ZnO-NPs generated in the green synthesis process.

Platform Raw Material Size System Targeted Cell Line Reference

Fungi-mediated

Pichia kudriavzevii yeast 10–61 nm ZnO-NPs MCF-7, breast [173]

Penicillium chrysogenum fungus 29–37 nm ZnO-NPs MCF-7, breast HCT-116,
colon [174]

Aspergillus niger fungus 80–130 nm ZnO-NPs HepG2, liver [175]

Aspergillus niger fungus 11.8–17.6 nm ZnO-NPs A549, lung [176]

Aspergillus terreus fungus 28–63 nm L-asparginase—ZnO-
NPs MCF-7, breast [177]

Algae and
plant-mediated

Sargassum muticum algae extract 30–57 nm ZnO-NPs HepG2, liver [178]

Sargassum muticum algae extract 50–100 nm ZnO-NPs WEHI-3, murine
leukemia [179]

Sargassum muticum algae extract 3–8 nm ZnO-NPs

PANC-1, pancreas
CaOV-3, ovarian

COLO205, colon HL-60,
leukemia

[180]

Gracilaria edulis algae extract
4.04 ± 1.81 nm;

length 1.39 ± 0.6 nm;
width

ZnO-NPs SiHa, cervical [181]

Rehmanniae radix plant extract 10–12 m ZnONPs MG-63 bone [182]

Myristica fragans plant extract 100–200 nm ZnONPs HeoG2, liver [183]

Albizia lebbeck stem bark 66.25 nm ZnONPs MCF-7, breast
MDAMB231, breast [184]

Mangifera infica leaves 45–60 nm ZnO-NPs A549, lung [185]

Pongamia pinnata seeds 30.4–40.8 nm ZnO-NPs MCF-7, breast [186]

Eclipta prostrata leaves 20–1.3 nm ZnO-NPs HepG2, liver [187]

Borassus flabellifer fruit extract 110 nm ZnO-NPs loaded with
DOX MDAMB231, breast [188]

Ziziphus nummalaria leaves 17.33 m ZnO-NPs HeLa, cervical [189]

Laurus nobilis leaves 47.27 nm ZnO-NPs A549, lung [152]

Nephelium lappaceum peel - ZnO-NPs HepG2, liver [190]

Tecoma castanifolia flower 70–75 nm ZnO-NPs A549, lung [191]

Gymnema sylvestre, plant extract 38 nm 33/27/23 nm ZnO-NPs
La/Nd/Ce—ZnO-NPs A498, kidney [158]

Costus pictus, leaves 20–80 nm ZnO-NPs DLA, Daltons
lymphoma ascites [5]

Protein mediated

Collagen protein 20–50 nm ZnO-NPs HepG2, liver [192]

Milk casein protein 9.3–13.7 nm ZnO-NPs loaded with
curcumin

MCF-7, breast HeLa,
cervical MDAMB231,
breast MG-63, bone

[193]

Tocopherol lipid 100 nm Chitosan coated
ZnO-NPs HeLa, cervical [194]
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Figure 10. The mechanisms underlying the anticancer activity of green ZnO-NPs. (A) Cytotoxic
action of La-doped ZnO-NPs causes cell death [195]. (B) The development of DOX-FA-ZnO NS
is a unique breast cancer treatment drug delivery system [195]. ZnO nanostructures (ZnO-NS),
doxorubicin (DOX), folic acid (FA), near-infrared (NIR), polyethylene glycol (PEG), and lanthanum
(La) are all components of ZnO-NS.

5.5. Treatment of Different Skin Conditions

ZnO is frequently used to treat skin diseases, including diaper rashes, and in shampoos,
anti-dandruff treatments, hemimorphite creams, and antibacterial ointments. Additionally,
it is a component of tape that athletes use as a bandage to prevent soft-tissue injuries
during workouts [196]. It is possible to use ZnO-NPs in the form of an ointment, cream,
or lotion to guard against UV-induced skin damage and the resulting sunburn. Only
this UVA/UVB reflector, which is entirely photo-stable, has been authorized for use as a
sunscreen [197]. As a sunscreen component, ZnO inhibits all UV-A (320–400 nm) and UV-B
wavelengths’ ultraviolet radiation. Additionally, ZnO-NPs are considered to be common
diverse conventional physical sun blocks, protecting pigments and area units that need to
be free from irritations, allergens, and acne-causing properties [198].

5.6. Drug Delivery

Among several nanotechnology implementations, drug delivery via ZnO-NPs has de-
veloped into a highly effective method for treating various disorders such as cancer [199,200].
Nanomaterials are one of the essential mechanisms in the delivery of drugs. ZnO-NPs
have been used for drug delivery for multiple diseases [199,200]. ZnO quantum dots were
employed in a study by Yuan et al. to administer doxorubicin to HeLa cells [201]. ZnO-NPs
were stabilized by encasing them in chitosan. According to the results of their study, this
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drug delivery method could be utilized to target cancer cells with doxorubicin [201]. It
is also important to note that one of the primary uses of NPs is the transport of genetic
material to distinct cells, particularly tumor cells [200]. This technology for gene delivery
has several benefits. For instance, the appearance of a plasmid-encoded gene on NPs’
surfaces could assure reliable and effective gene delivery to the receiving tissues [199,200].

Consequently, NPs can be an effective instrument for directing genes to various cells,
including tumor cells. Nie et al. [202] reported that they had created ZnO tetrapod-like
nanostructures that might be employed as innovative gene-delivery vectors. They revealed
that ZnO-NSs, such as a silica-coated amino-modified tetra pod, could bind effectively to
DNA through electrostatic interactions, potentially increasing the efficacy of melanoma
cell transfection [202]. In another investigation, Zhang et al. [203] showed that polycation-
capped ZnO quantum dots might transmit DNA into COS-7 cells. Additionally, the
usage of this method allows for the instantaneous visualization of gene delivery [203].
Several investigations have employed metal oxide NPs for gene silencing and gene delivery.
However, it is vital that further knowledge be obtained [199,200]. ZnO-NPs-based drug
delivery methods are shown in Table 8.

Table 8. ZnO-NPs-based drug delivery methods.

Materials Cell Line Drug References

ZnO (Tetrapod) CHO-K1, HeLa, Vero, VK2/E6 - [204]
ZnO@PMAA-co-PDMAEMA-NPs COS-7 DNA [205]

ZnO/Carboxymethyl Cellulose (CMC) L929, MA104 Curcumin [206]
Curcumin/O-CMCS/n-ZnO nanocomposites MA 104 Curcumin [207]

Mesoporous ZnO - DOX [208]
ZnO@PNIPAM-NPs - DOX [209]

ZnO-NPs T47D PPDME [210]
ZnO-NPs HeLa DOX [211]

ZnO/PEG-NPs Gram-positive
microorganisms DOX [212]

ZnO/Au-NPs Hela Camptothecin [213]
ZnO-QDs HepG2 - [214]

Chitosan/ZnO-NPs - DOX [201]

ZnO cancerous T, activated human
T - [215]

ZnO@Polymer-NPs U251 DOX [216]

5.7. Bioimaging

ZnO is a common semiconductor material that can completely replace the typical Cd-
related species found in biological and optical environments [199,217]. At this point,
a variety of ZnO-NPs types have been identified. The bioimaging potential of ZnO-
NPs is intriguing to researchers [199,217]. A wide range of biological and medicinal
uses are possible for this feature. For instance, luminous ZnO-NPs may have excellent
photophysical qualities [199,217]. The surfaces of these NPs have been demonstrated to be
easily manipulated. For ZnO-NPs, it has been discovered that their quantum yield (QY)
may be increased to about 30% following careful tweaking [199,200,217]. According to the
common consensus, ZnO is a safe material. ZnO has been used in sunblock goods and
in diet packing as a food preservative. This means that many biological and medicinal
applications could use the luminous features of ZnO-NPs [199,200,217]. The bioimaging
uses of ZnO-NPs are shown in Table 9.
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Table 9. Bioimaging Uses of ZnO-NPs.

Model Type of Material Size (nm) Reference

Skin tissue/cellular architecture ZnO-NPs 15–30 [218]
KB cells ZnO Nanocrystals <100 [219]

S. oneidensis CdSe(S)/ZnO-QDs 2–4 [220]
Human skin and rat liver cells ZnO-NPs 26–30 [221]
Plants tissues cell implosion ZnO-NPs 2–200 [222]

Blood cells of zebrafish; roots and shoots of Arabidopsis
plants ZnO-NPs 10–300 [223]

Hela cells ZnO@silica-NPs 2–5 [224]
Skin ZnO-NPs 21 [225]

B16F10 cells ZnO/Au@PEG-NPs 45–98 [226]

6. Toxicity Associated with ZnO-NPs

ZnO is a nanomaterial that is widely employed in a variety of applications [227]. Using
a well-known photocatalyst, the degradation of environmental pollutants has garnered
considerable attention from researchers [19]. Zinc salts have been utilized as an active
ingredient in lubricants for a long time [228] and used by the pharmaceutical industry to
make emollients [229]. In wound care, anti-infection therapeutic goods, and disinfectants,
ZnO-NPs containing medicines are extensively employed. ZnO-NPs have many applica-
tions in cosmetics, hair and skincare formulations, protective sunblocks, food additives, and
vitamins, among others [230,231]. ZnO is used as an antibacterial compound commonly
used in lotions, ointments, body washes, and surface coatings to prevent the growth of
microorganisms [146,232]. As nutritional supplements, ZnO-NPs have also been utilized
by humans and livestock to stimulate the body’s reaction to inflammation and to enhance
the immune system [233]. The expanding use of ZnO-NPs in consumer goods and pharma-
ceuticals has prompted researchers to look into the potentially hazardous consequences of
ZnO-NPs for human health [230]. The advantages must be carefully balanced against the
potential disadvantages of other NPs.

According to the available research, the inhalation of ZnO-NPs has the most harmful
effects on human lungs [230,234]. The size and surface area of ZnO-NPs have been linked
to the severity of inflammatory illness caused by their exposure [235]. Previous research has
shown that ZnO-NPs elicit a more severe inflammatory response than liquid zinc ions [236].
In various investigations, ZnO-NPs’ cytotoxic characteristics have been tested on human red
and white blood cells. A cytotoxic effect has been seen at concentrations more than 50 ppm,
likely due to increased oxidative stress [237,238]. At more significant concentrations than
predicted in the environment, ZnO-NPs can produce acute impacts on fish [239]. Therefore,
a thorough evaluation of ZnO-NPs’ characteristics, routes of administration, target cells, and
related physiological processes is required to better understand the therapeutic advantages
and to minimize unwanted harmful consequences and negative clinical diagnostic potential.
Long-term effects must still be investigated for the better and safer use of these NPs.

7. Conclusions and Future Perspectives

Because of its environmentally friendly nature, the green synthesis of ZnO-NPs is
favored. The use of diverse plant components, bacteria, fungi, and algae to synthesize ZnO-
NPs is an efficient, simple, and environmentally friendly approach. Plant extracts contain
a variety of biomolecules that act as reducing, capping, and stabilizing agents, including
amino acids, proteins, and a variety of additional primary and secondary metabolites that
serve as reducing, capping, and stabilizing agents during the synthesis process.

The synthesis of these critical nanomaterials has some risks for the environment and
for civilization. As a result, the biological qualities of these materials are directly affected.
The use of biomolecules and living organisms as nanomaterials’ capping agents in green
nanotechnology is a powerful option as a potential solution to minimize the development of
toxic products and undesirable reactions with various biologic membranes. NPs biogenesis
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with minimal impact on the environment has been the focus of research for the past
decade. These NPs can be precisely sized and shaped using green synthesis methods.
Medical practitioners are increasingly using antimicrobial NPs bandages. Medicine delivery
and clinical diagnostics have produced a growing demand for these technologies. A
rising number of people are interested in environmentally friendly nanomaterials such
as ZnO-NPs, which can be produced with minimal danger and expense. Green synthesis
technologies appear to be increasing in popularity in recent years. ZnO-NPs generated from
plants may be an essential research topic in the biomedical sectors. The green synthesis of
ZnO-NPs using plants and microbes has been highlighted in this review, as it is a rapid,
simple, environmentally friendly, and relatively low-cost process. Biosynthesized ZnO-NPs
for biomedical applications, especially against pathogenic germs, have also been addressed,
to overcome the limitations of conventional chemical and physical methods. The biological
source affects the size of ZnO-NPs and, consequently, their biological activities. However,
additional study is needed to standardize synthesis procedures, as a critical limitation
of green chemistry is the variability of the end products. Further in vitro and in vivo
experiments are expected to elucidate the mechanism of action involved at the cellular
level, with applications in various biomedical fields.
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Abstract: Electrospinning (ES) has become a straightforward and customizable drug delivery
technique for fabricating drug-loaded nanofibers (NFs) using various biodegradable and non-
biodegradable polymers. One of NF’s pros is to provide a controlled drug release through managing
the NF structure by changing the spinneret type and nature of the used polymer. Electrospun NFs
are employed as implants in several applications including, cancer therapy, microbial infections, and
regenerative medicine. These implants facilitate a unique local delivery of chemotherapy because of
their high loading capability, wide surface area, and cost-effectiveness. Multi-drug combination, mag-
netic, thermal, and gene therapies are promising strategies for improving chemotherapeutic efficiency.
In addition, implants are recognized as an effective antimicrobial drug delivery system overriding
drawbacks of traditional antibiotic administration routes such as their bioavailability and dosage
levels. Recently, a sophisticated strategy has emerged for wound healing by producing biomimetic
nanofibrous materials with clinically relevant properties and desirable loading capability with regen-
erative agents. Electrospun NFs have proposed unique solutions, including pelvic organ prolapse
treatment, viable alternatives to surgical operations, and dental tissue regeneration. Conventional ES
setups include difficult-assembled mega-sized equipment producing bulky matrices with inadequate
stability and storage. Lately, there has become an increasing need for portable ES devices using
completely available off-shelf materials to yield highly-efficient NFs for dressing wounds and rapid
hemostasis. This review covers recent updates on electrospun NFs in nanomedicine applications. ES
of biopolymers and drugs is discussed regarding their current scope and future outlook.

Keywords: electrospinning; nanofibers; implants; wound healing; nanomedicine; targeted delivery;
biopolymers

1. Introduction

Electrospinning (ES) is an old concept for fiber fabrication introduced in 1897 by
Rayleigh and Kundu [1]. It aims at producing ultrafine non-woven nanofibers (NFs) by
utilizing the action of high voltage with low current on the shape of the electroconductive
liquid in a polymeric solution. The polymeric solution is pumped through a spinneret
or syringe nozzle while voltage is applied between the spinneret and a collector; hence,
it causes the surface of the liquid to form a cone (Taylor cone) with a rounded tip. This
mechanism can be attributed to electrostatic repulsion on a droplet. When wiring electricity
in the spinneret setup, charges start to build upon the droplet’s surface, creating an electro-
static repulsion of similar magnitude to the surface tension and causing it to stretch and
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form the Taylor cone [2]. When the voltage exceeds a certain threshold, the electrostatic
repulsion overcomes the surface tension causing the rounded tip to emit a jet of charged
liquid floating in the space between the spinneret and the collector surface. Eventually, the
solvent evaporates, leaving the desired product on the collector [1,3].

The ultrathin NFs have multiple applications in various fields [4], such as cosmetics [5],
active food packaging [6], fabricated fabricating nanofibrous sensors [7], textiles [8], and in
particular, their applications in drug delivery [9–11], wound healing [12,13], nanomedicine
and tissue engineering [14,15].

The emerging role of ES in drug delivery systems offers a safe and easy encapsulation
technique for the therapeutic cargos, maintains their structural integrity and biological
activity, and accordingly, ensures a safe release at the target site [16]. At the same time,
it provides a cost-effective procedure starting from fiber fabrication to the formulation of
the final pharmaceutical product [17]. In addition, ES can be utilized in loading one drug
alone or multiple drugs, depending on the characters of the nozzle setup. Loading one
drug alone is simple and uses a one-nozzle setup which is not the case with numerous and
sometimes incompatible drugs as it requires the use of other ES setups such as the coaxial
nozzle setup that provides a core-shell NF, controlling the releasing kinetics of the loaded
drugs, see Figure 1 [18,19]. Their dynamic ability to tailor their characters and match every
drug requirement gives electrospun NFs an edge over other delivery systems. A tailored
design for the NF’s diameter, porosity, and thickness is achieved by adjusting solution
parameters, environmental conditions, and ES setup parameters to the point that makes
the system efficient enough for its intended release mode [20,21], which can be summed up
into fast, sustained, and combined or customized release.

Figure 1. Techniques for nanofiber production.

Electrospun NFs have been the research subject to develop fibrous scaffolds that allow
skin regeneration, primarily because of their compatibility with the skin’s extracellular
matrix (ECM) and biodegradability. Moreover, they can provide enhanced healing rates and
be loaded with a bactericidal agent to prevent tissue infection and bioactive molecules and
help the regeneration process [22]. Skin wounds are generally associated with increasingly
high morbidity and mortality rates that can be regarded as a matter of life and death.
Despite the availability of different treatment options and delivery systems, they utterly
fail to recover normal tissue states and structures, exacerbating wound infection and tissue
necrosis. Tissue-engineered scaffolds aim to regenerate diseased or damaged tissue by
using fabricated scaffolds that mimic the complex human tissue’s ECM. Fabricated scaffolds
are designed to be porous and permit nutrient diffusion and cell migration while providing
slow and steady degradation rates so that the natural ECM completely replaces it as the
tissue recovers [14,15].
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Recently, the emergence of single, handheld, and easy-to-use portable ES devices, has
revolutionized the production of electrospun scaffolds. A portable device can produce
personalized fiber matrices tailored for each case where the wounded skin tissue acts as
the collector of the fiber matrices [23], in a process that reduces the usual pain associated
with conventional wound dressings application or removal and enhances the patient’s
compliance to treatment [24].

In this regard, this review seeks to provide an overview of nanofiber-based drug
delivery and its related applications in nanomedicine on the most recent literature research.
Searching literature was through Reaxys database using the keywords “Implant”, “Drug
delivery”, “electrospun”, “nanofiber”, and “wound healing” interchangeably. The recent
literature (last five years) has been considered relevant, but discussions were also addressed
to earlier reports in this field.

2. Electrospun NF Implants

Advances in biomedical sciences and the increasing complexity of diagnosis and thera-
peutic processes necessitate the development of a unique drug delivery system to improve
the bioavailability of pharmaceuticals reduce their adverse effects. Nanotechnology makes
these advancements possible, which allows for the creation and design of nanoparticle-
based drug delivery systems. These systems can then be improved using nanoengineered
implants, which ensure controlled and sustainable release, reduce side effects, and increase
the drug’s bioavailability at the target site.

ES technology has gained great attention for its potential biomedical applications
since electrospun NFs are becoming more applied in treating various conditions like
inflammations, neoplasia, infections, and many other diseases. Electrospun nanofibrous
implants represent an ideal pharmaceutical option for the sustained release of medications
in the body, which one of its roles is to improve the bioavailability of the used drug.
Electrospun NFs offer a perfect therapeutic choice for various conditions as they provide a
stable drug-release level in addition to the extended duration and controllable dosage [25].

2.1. Electrospun NF Implants for Cancer Therapy

Cancer is one of the leading causes of mortality worldwide, and cancer therapy
still has a narrow margin of safety and efficacy since it affects healthy cells. Following
diagnostic investigations, therapeutic techniques, and technology progress, the number
of cancer survivors will increase while enhancing their quality of life by delivering more
effective and efficient treatment regimens. Radiation therapy, chemotherapy, and surgical
procedures are among the current cancer treatment options. Current therapy plans are
insufficient and have numerous drawbacks [26,27].

Anticancer drugs are no exception since they have drawbacks such as high toxicity for
normal cells, cancer therapy failure, or limited dissolvability, thus reducing their bioavail-
ability and effectiveness [28,29]. According to the previous limitations, new therapeutic
approaches and technologies become necessary to advance cancer treatment with minimum
damage to normal healthy cells. Nanotechnology poses itself as a promising therapeutic
approach since it provides novel treatment approaches. Electrospun NFs offer a unique
drug delivery system in cancer therapy because they have high loading potential, large
surface area, and are cost-effective and reliable [30].

Cancer patient survival rates are low due to some variables, including late-stage
detection, the toxicity of anticancer treatment, and the poor response of many cancer types
to therapy [31,32]. Targeted therapeutic approaches have been investigated in research
and clinical practice to reduce the harmful side effects of conventional cancer therapies
while maximizing the desired therapeutic benefits [33]. Nanotechnology provides two
main therapeutic options. The first one involves encapsulating the drug with nanoparticles
and targeting a specific site with this compound using a positive or a negative targeting
system [34]. The second strategy entails implanting a drug-loaded system at the neoplasia
site to locally deliver the required drug dosage to limit injury to normal tissues [34].
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Electrospun NFs have a high surface-to-volume ratio, which improves the drug’s
solubility in an aqueous environment and enhances its efficacy [35]. In addition, electrospun
NF implants, in particular, can be used for localized cancer treatment, which is one of the
most effective and safe treatment strategies. ES has been proven to be one of the most
competitive nanotechnologies since it allows for the mass production of NFs at reasonable
costs. Moreover, electrospun NFs are very promising as drug carriers, particularly for local
delivery of chemotherapy [31].

Extensive research has been done to study electrospun NF implants’ efficacy and safety
in cancer therapy. Zong et al. [36] examined the potential role of fibrous implants in treating
cervix cancer. They employed cisplatin (CIS)-loaded poly(ethylene oxide)/poly(lactide)
(PLA) composite NFs for vaginal implantation to deliver CIS to cervical cancer cells (U14)
in mice. In comparison to intravenous injection, vaginal implantation significantly induced
more CIS accumulation in the vaginal and cervix regions than in the kidney, liver, or blood
(Figure 2).

Figure 2. Ex vivo imaging of collected organs (1 tumor, 2 hearts, 3 livers, 4 spleens, 5 lungs and
6 kidneys) at 1, 24 and 48 h following the implantation of electrospun nanofibers into the mice’s
vaginas. Reprinted with permission from ref. [36].

Furthermore, Liu et al. [37] have studied the role of electrospun NFs in treating
secondary hepatic carcinoma (SHCC). After explorative laparotomy in mice, they ap-
plied doxorubicin-loaded PLA (DOX-PLA) electrospun NFs as implants. Results showed
an increased survival of the affected mice from 14 days to 38 days, in addition to a re-
markable inhibition of the SHCC. These significant effects hold the promise of treating
SHCC in vivo [37]. Similarly, another group of researchers has applied dacarbazine-loaded
poly(vinyl alcohol) (PVA) electrospun NFs as brain implants to treat glioblastoma [38]. This
system showed high encapsulation efficiency (>80%) and controlled dacarbazine release,
thus significantly improving its anti-tumor effects, such as apoptosis-mediated cell death
and DNA damage.

One promising approach that has been created through coaxial electrospinning is core-
shell structured electrospun NFs, which allow more sustained drug release by inhibiting
the initial burst release. Two different drugs can be encapsulated simultaneously using
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core-shell electrospun NFs: one in the core and the other in the shell, and released at varying
rates depending on the drug nature and polymers utilized and the degree of degradability
of the outer layer [39].

The core-shell NFs system introduced by Yang et al. [40] has increased nanoparticle
stability, such as micelles. They developed an implantable drug delivery system for the
localized delivery of anticancer drug through the coaxial ES of PVA/active targeting DOX-
encapsulating micelles (composed through the self-assembly of folate-conjugated poly(ε-
caprolactone) (PCL)/poly(ethylene glycol) (PEG) copolymer as the core and cross-linked
gelatin as the shell (Figure 3). The degradation of NF matrix causes these active-targeting
micelles to be released from the devices in a time-dependent fashion, quickly accumulat-
ing around the tumor tissue via interstitial transport and the enhanced permeation and
retention (EPR) effect, lowering the dosage of the chemotherapeutic agent, frequency of
administration, and adverse effects.

Figure 3. Coaxial electrospinning-prepared implantable Doxorubicin-loaded micelles in NFs for
effective cancer therapy. Reprinted with permission from ref. [40].

Multilayering ES is another approach developed to gain more control of the therapeutic
agent’s discharge kinetics in the core-shell electrospun NFs, in which additional layers
with different diffusion pathways and degradation behaviors are included to stop the first
burst release and provide sustained release as well. Falde et al. used this approach to
create an implantable multilayered 3D electrospun NF mat for the localized delivery of
the chemotherapeutic agent SN-38. The system was constructed of a first barrier mesh, a
second drug-loaded layer and a third barrier mesh. The in vitro release studies showed the
system’s success in reducing the burst release of the drug by ten times and the sustained
release of SN-38 for more than 30 days. Furthermore, the developed system was cytotoxic
to Lewis Lung Carcinoma (LLC) cells for more than 20 days [41].

The use of single chemotherapy is uncommon due to the toxicity of chemotherapeutic
agents at high doses and the risk of developing resistance if single chemotherapy is used for
a long time. As a result, multidrug-loaded electrospun NFs are one of the most promising
options for overcoming the adverse effects of single therapy, lowering the applied dose and
improving chemotherapy effectiveness [42]. Table 1 summarizes some of the reported im-
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planted multidrug-loaded electrospun NFs for localized chemotherapeutic agent delivery
into the tumor.

Table 1. Multidrug-loaded electrospun NF implants for cancer treatment.

Polymeric Fiber ES Technique Drugs Type of Cancer In Vivo In Vitro Ref.

BIC/(PLGA)
Blend ES CAR, CIS and CPT-11 Brain cancer (C6 glioma) + [43]

Blend ES 5-FU and oxaliplatin Colorectal cancer (HCT8 and
CT26 cell lines) + + [44]

PGC-C18/PCL Blend ES CPT-11 and SN-38 Human colorectal (HT-29)
cell line + [45]

PLGA/gelatin Blend ES
DOX-encapsulated mesoporous

zinc oxide microspheres
/camptothecin

Liver cancer (HepG2) cell line + [46]

PEG/PLA
Blend ES CBT A-4 and HCPT Breast (4T1) tumor model + + [47]

Emulsion ES Paclitaxel and DOX Brain cancer (C6 glioma) + [48]

Dextran/PLGA Emulsion ES HCPT and tea polyphenol Orthotopic liver (H22)
carcinoma cell line [49]

PCL/gelatin
Second carrier ES
(core/shell silica

nanoparticles)
DOX and Indomethacin L929 fibroblast cells [50]

PLGA
Sequential ES CAR, CPT-11, CIS and CBT Brain cancer (C6 glioma) + [51]

Emulsion ES Paclitaxel and Brefeldin A Human liver (HepG2) cancer
cell line + [52]

PLLA

Sequential ES DCA and oxaliplatin Cervical cancer (Hela cancer
and U14 cancer cell lines) + + [53]

Second carrier ES
(mesoporous silica

nanoparticles)
DOX/Ibuprofen Cervical cancer (Hela cell line) + [54]

Blend ES

DOX and HCPT Human cervical cancer
(HeLa cells) + [55]

DCA and diisopropylamine
dichloroacetate Colorectal cancer (C26 cells) + + [56]

Oxaliplatin and
cyclophosphamide

Human hepatocellular cancer
(HCC cells) + + [57]

PCL

Blend ES

(−)-epigallocatechin-3-O-gallate
and caffeic acid

Human gastric cancer
MKN28 cells + [58]

Cisplatin and CUR Human cervical cancer
(HeLa cells) + + [59]

CUR and aloe-vera or
neem-extract

Lung carcinoma (A549) and
breast cancer (MCF-7) + [60]

Core-sheath ES
Ibuprofen and DOX Human hepatocellular

carcinoma cell line (HuH-7) + [61]

5-FU and paclitaxel TNBC cells human
triple-negative breast cancer + + [62]

PLLA/PCL Microfluidic ES DOX and angiogenesis
inhibitor apatinib Breast cancer (4T1 cells) + + [63]

PVA
Second carrier ES

(mPEG-PCL micelles) DOX and CUR Cervical cancer (Hela) cell line + [64]

Blend ES Dichloroacetate and Pt(IV)
prodrug-backboned micelle

HeLa human cervical
cancer cells + + [65]

5-FU: 5-fluorouracil; CAR: Carmustine; CBT: combretastatin; CIS: Cisplatin; CPT-11: irinotecan; CUR: Curcumin; DCA: Sodium
dichloroacetate; DOX: Doxorubicin; HCPT: Hydroxycamptothecin; PGC-C18: Poly(glycerol monostearate-co-ε-caprolactone); PLLA: Poly

(l-lactic acid); PLGA: (D, L-lactic acid-co-glycolic acid); and SN-38: irinotecan metabolite.

Combination therapy is another recently adopted cancer therapy technique, in which
two therapeutic strategies are integrated into one platform to enhance the antitumor effect
while avoiding the negative side effects of monotherapy. Hyperthermia is one of the used
approaches for targeted cancer therapy, with malignant cells being more thermosensitive
than healthy ones. Using blend ES, Zhao and coworkers co-loaded DOX and MoS2, an
effective photothermal agent, into chitosan/PVA electrospun NF mat to combine the photo

92



Materials 2022, 15, 1934

hyperthermia and chemotherapy [66]. The heat generated from the near-infrared irradiation
of 808 nm laser could sensitize the chemotherapeutic efficacy of DOX via controlling its
discharge rate. The combined therapy efficiently boosted cytotoxicity against HT29 cells
in vitro and in vivo, where surgical implantation of the nanofibrous mat into the tumor
site could completely inhibit cancer recurrence. Similarly, another group combined the
chemotherapeutic DOX with photothermal treatment: Cu9S5 through incorporating DOX-
loaded Cu9S5@mSiO2 nanoparticles into PCL/gelatin nanofibrous mat. Under 980 nm
laser irradiation, the combined chemo/photothermal therapy showed a more efficient
tumour-suppressive effect in vivo than either single photothermal or chemo treatment [67].

Magnetic thermal therapy is another protocol that is used as a co-therapy with
chemotherapy, in which iron oxide (Fe3O4) magnetic nanoparticles (MNPs) are applied as a
heat source under an alternating medical field (AMF) [68]. In a similar way to photothermal
gents, the magnetic thermal agents can synergize the antitumor effect of the chemother-
apeutic agent that is co-loaded with them in the nanofibrous system. In a related study,
Niiyama et al. loaded paclitaxel and MNPS into PCL polymer using the ES technique. The
AMF irradiation could provide a sustained release of paclitaxel over six weeks. In vivo, the
locally created implantable NF system showed a superior anticancer impact against the
human lung (NCI-H23) cancer cell line than chemotherapy or thermal therapy alone while
using an AMF of 166 kHz and 192 A [69].

Gene therapy is also one of the most widely used approaches for cancer treatment
that is targeted, safe and successful. Electrospun NFs are one of the nanotechnology
techniques used as a platform for cancer gene therapy delivery. They are also employed
for the dual delivery of gene therapy and chemotherapy, resulting in a super additive
antiproliferative effect [70]. In a related study, for the treatment of liver cancer, Che et al.
fabricated nanoparticles based on the electrostatic interaction between the tumor suppressor
miRNA-145, as anticancer gene therapy and cross-linked branched polyethyleneimine.
The paclitaxel/PCL NFs were then coated with these nanoparticles. Upon applying the
devised technology, both therapeutic compounds were released sustainably. Moreover, the
concomitant delivery of paclitaxel and miRNA showed synergistic antiproliferative efficacy
against hepatocellular carcinoma [71].

Nanotechnology is a highly active field as it has been evolving rapidly and becoming
more and more reliable in clinical practice [72]. Electrospun NFs hold extraordinary
promise to represent a breakthrough in cancer therapy as they show high loading capacity,
large surface area, cost-effective production and direct delivery of various treatments.
Moreover, those electrospun NFs represent a highly accurate diagnosis method such as
ultra-sensitive sensing systems for cancer detection and migrating cancer cell targeting.
However, electrospun NFs still need further research before introducing them to clinical
practice and the market [31].

2.2. Electrospun NF Implants as Antimicrobial Agents

Antimicrobial agents work against bacteria and other microorganisms by preventing
wall synthesis or limiting microbial development. Traditional antibiotic administration
routes, such as topical and systemic administration, have some limitations in terms of
bioavailability and dosage levels. Furthermore, poor antimicrobial agent distribution
may reduce treatment efficacy in addition to its local and systemic side effects, such as
inflammation and decreased normal gut microbiota. As a result, developing an effective
antimicrobial drug delivery method is critical [73–75].

Electrospun NF implants are being studied for their use as novel delivery systems for
antimicrobial agents using tetracycline hydrochloride with PLA, poly (ethylene-co-vinyl
acetate) (PEVA) or a mixture of both [76].

Research showed that electrospun PCL/poly(trimethylene-carbonate) (PTMC) ultra-
fine composite fiber mats perform as drug carriers that enclose the herbal antibacterial
agent: Shikonin (SKN), a highly liposoluble naphthoquinone pigment isolated from the
roots of lithospermum erythrorhizon. Drug release is then controlled by PCL/PTMC blend
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ratio in addition to drug-loading concentration. Those mats have free radical scavenging
effects in addition to the antibacterial ones. Therefore, they also represent a compelling
choice for treating dermal bacterial infections or wound healing [77].

Treating infections caused by Methicillin-resistant Staphylococcus aureus (MRSA)
represents a serious challenge in the healthcare field as it requires accuracy in delivering
the appropriate antibiotic at the correct dose to assure efficacy. Researchers developed a
biodegradable localized delivery system for combining fusidic acid, sodium fusidic and
rifampicin into PLGA polymer using the ES method for creating antimicrobial drug-loaded
mats. Results showed that this delivery system was effective against Staphylococcus
epidermidis and two MRSA strains [78]. These drug-loaded mats were proven to be an
effective therapeutic option for implant-related infections that would otherwise necessitate
orthopaedic surgery; thus, they would let patients avoid surgery wherever possible.

Guided bone regeneration and guided tissue regeneration (GBR/GTR) have become
standard techniques in bone/tissue regeneration therapy to enhance bone/tissue regenera-
tion through the application of GBR/GTR membranes that act as a barrier for the epithelial
migration into the defective site and increase cell proliferation and attachment into the
defect location [79]. In clinical applications, infections can be blamed for most GBR/GTR
failure cases [80]. Accordingly, developing an anti-infective GBR-GTR membrane is a
practical approach to solve this burden. By loading metronidazole into PCL/gelatin NF
scaffolds, Xue and coworkers developed an efficient anti-infective GBR-GTR membrane
with antibacterial activity delivered locally using the ES technique (Figure 4). The metron-
idazole release rate depended on the loaded content in the scaffold and the presence of
gelatin in the membrane [81].

Figure 4. Development of a barrier membrane using the ES technique for the localized delivery of
antibacterial agent in GBR/GTR applications.

Kataria et al. [82] had studied electrospun composite NFs transdermal patches for
wound healing. Their research concluded that electrospun NF of sodium alginate
(NaAlg)/PVA—ciprofloxacin-based transdermal patches were greatly beneficial for the
local and fast delivery of medications to limit and control infections. These patches
can successfully provide an efficient and fast drug delivery system to control infections.
These patches show sustained drug release levels following the Korsmeyer-Peppas and
Higuchi model.

2.3. Electrospun NF Implants Used in Regenerative Medicine
2.3.1. Wound Healing

Skin is the largest organ of the human body [83]. It represents the first barrier blocking
pathogens from entering the body and limiting water loss [84,85]. Acute wounds (such
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as surgical or traumatic wounds, as well as burns and abrasions) and chronic wounds
(which do not show a normal and correctly sequenced repair) are the two main types of
skin wounds. These wounds are common in diabetic or decubitus ulcers [86]. According
to National Center for Health Research and Statistics, trauma cases exceed 40 million in
the United States each year, costing more than USD 670 billion. Chronic wounds affect
approximately 6.5 million people in the United States, with treatment costs totaling more
than USD 25 billion [87]. The situation is even worse in developing countries [88,89].

There are several classification systems for skin wounds, based on the size, depth and
tissues involved, as well as the cause, such as burns, traumas or chronic illnesses. Wound
dressings are essential for preventing infections and ensuring a healthy environment for
wound healing. Sometimes, wounds may need dermal substitutes to trigger cells migration
to the afflicted location [90,91]. Full-thickness wounds are more difficult to cure than
superficial wounds because they require artificial skin substitutes or autografts, as well
as a healthy environment [92]. The majority of wound healing materials cannot imitate
the cutaneous extracellular matrix (ECM) [93]. On the other hand, ES technology has
created a unique and sophisticated way for wound healing since it can produce biomimetic
nanofibrous materials from various natural and synthetic polymers with clinically relevant
properties [94]. Electrospun NFs made from type I and III collagen, which are the most
common collagens in the skin, are now possible thanks to advances in nanotechnology and
nanoengineering [95].

Electrospun NF implants are also an effective and efficient way to treat wounds as
they feature ease of application and the great potential of loading them with different
pharmaceutical agents such as antibiotics or regenerative agents [96].as shown in Table 2.

Table 2. Therapeutic agents loaded into electrospun NF implants to promote wound healing.

Polymeric Fiber Therapeutic Agent Purpose Ref.

PLLA/PVA
Cefazoline Antibacterial

[97]
PLGA [98]

Chitosan/PVA Lysozyme Antimicrobial [99]
PCL Chloramphenicol Antibacterial [100]

PLGA Quercetin Cell proliferation and
adhesion/antibacterial [101]

PCL Rifampicin Antimicrobial [102]
PCL/Gelatin Metronidazole Antibacterial [81]

PCL Tauroursodeoxycholic acid Angiogenesis [103]

Electrospun NF implants represent an excellent choice for regulating skin cell behavior
through drug loading or using transmembrane receptors or intracellular signaling path-
ways [104]. Electrospun NFs encapsulated by type I collagen, laminin and integrin ligands
prompted normal epidermal keratinocyte adhesion in humans, as well as a spreading
morphology in 50% of proliferating cells, according to a study conducted by Rho and
coworkers [105]. Furthermore, the effects of PCL-blended collagen nanofibrous membranes
were investigated, and it was discovered that this membrane stimulates the adhesion and
proliferation of human dermal fibroblasts [106].

Skin grafts are still one of the most popular and reliable methods for skin replacement
or restoration because skin substitutes currently lack many key characteristics that allow
them to mimic normal skin in terms of architecture and composition [107].

Ma et al. developed a novel method combining tissue engineering technologies with
clinically viable techniques such as autologous skin grafting. This method involved creating
a multifunctional NF skin graft in the shape of a sandwich (Figure 5) [108].
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Figure 5. Sandwich-type NF skin grafts. Reprinted with permission from ref. [104].

This NF implant has several functions, including guiding cell migration to ensure
proper and organized cell localization and accelerating the healing process in general by
providing a higher expansion ratio and a sustained and stable release of antibiotics, which
inhibits infections locally and limits antibiotic overuse toxicity.

This method was tested by implanting these sandwich-type scaffolds on skin ex-
cision in rats. Results showed a good acceptance of the scaffold in the wound site in
all transplanted microskin tissue islands with a consistent distribution seven days af-
ter the surgery. The wound was completely closed 21 days after surgery, thanks to re-
epithelialization via microskin grafts. This procedure will aid in healing severe burns and
treating chronic injuries.

2.3.2. Dental Applications

One of the major applications of electrospun NF implants is in the dental field, as
they provide an excellent option for replacing dental tissues. Figure 6 shows the standard
approach for utilizing electrospun NFs implants for dental tissue regeneration [109].
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Numerous conditions such as dental caries and traumatic accidents may lead to
losing dental tissues. Conventional treatment methods involve using different restorative
materials such as ferric sulphate, hydroxide and mineral trioxide aggregates. However,
these conventional methods may still result in internal resorption of teeth [110,111]. This
is where electrospun NF implants make the difference as they were studied in order to
assess their potential in dental regeneration. Kim e al. had created electrospun implants
from PVA and hydroxyapatite (HA), which may have dentin regenerative features [112].
Additionally, electrospun NF meshes created with PCL have exhibited great potential for
promoting odontogenic regeneration and differentiation. Evidence on that is the increased
turnover of collagen I and other proteins when tested on human pulpal cells in vitro [113].

2.3.3. THE Role of Electrospun NF Implants for the Treatment of Pelvic Organ Prolapse

Pelvic Organ Prolapse (POP) is a deteriorating urogynecological pelvic floor chronic
illness that affects the quality of life of 50% of parous women over the age of 50 [114].
Surgical repair with transvaginal meshes is one of the most common treatments for POP.
However, such meshes have been linked to significant problems such as long-term chronic
inflammation and poor tissue integration [115]. Nanotechnology has proposed a potential
and unique solution to this problem. Mukherjee et al. created electrospun NF poly L-lactic
acid-co-poly-caprolactone (PLCL) meshes loaded with endometrial mesenchymal stromal
cells (MSCs) that alter foreign body reactions through several mechanisms and evaluated
these meshes in mice in their study. According to the findings, the use of electrospun
NF meshes loaded with MSCs in the treatment of POP in mice resulted in a significant
increase in angiogenesis, cell adhesion and immunological response after 6 weeks post
implant. Anti-inflammatory genes were also expressed more frequently, which helped to
control inflammation and promote healing. Those findings point to a high likelihood of a
successful implant as well as a viable alternative to surgical operations [115].

2.3.4. Electrospun NF Implants for Cardiac Tissue Engineering

Cardiovascular disorders are one of the leading causes of morbidity, reducing patients’
quality of life and resulting in a huge number of untimely deaths around the world. Heart
transplantation is the only drastic treatment for end-stage cardiac failure currently avail-
able [116]. This treatment has several disadvantages, including the restricted availability of
donated organs and the problems associated with immunosuppressing the patient after the
procedure to prevent transplant rejection.

Cardiac cells are non-renewable; thus, cardiac cell therapy is critical for addressing
the majority of heart diseases [117]. It has a lot of potential in terms of treating myocardial
infarctions, for example. One of the novel therapeutic methods is integrating cells into 3D
biodegradable scaffolds, which appears to be viable for preserving cell viability and pro-
moting cell embedding following transplantation [118]. This is a significant advancement
in the field of cardiac cell therapy, as it is a more advanced treatment strategy than simply
injecting isolated cells.

Cardiac tissue cells impose a complex challenge because of its unique characteristics
and compound structure. However, there is a huge potential for designing new techniques
and conducting further research to develop ultimate novel methods of cardiac cell therapy.
Electrospun NF scaffolds, which blend natural and synthetic polymers, are a viable therapy
technique for cardiac diseases. The major goal is to combine the benefits of both sources
to create the best design that provides the required elasticity and electrical properties and
typical healthy ECM protein adhesion cellular ligands [119].

2.3.5. Orthopaedic Applications

ES is a flexible technique that allows us to create NFs of a web-like design mimicking
ECM, which significantly improves cell adhesion and integration [120,121]. This feature
has been studied to assess its possible applications in the biomedical field. Hard tissues,
such as bones and cartilages, are no exception since the polymers utilized in the electrospun
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NF implants play an essential role in guiding them to their intended purpose. PLGA, PCL,
PLLA and their copolymers have been widely employed because they are biocompatible
and biodegradable [122–125]. Because of its biodegradability, low cost, flexibility and
good biocompatibility with osteoblasts, the FDA has approved the use of PCL polymers
in durable implants [126]. On the other hand, most other polymers have limits in the
orthopedic sector because they are not strong enough, hydrophobic or bioactive [127,128].
To overcome their low stiffness, researchers have proposed mixing these polymers with
bioactive chemicals such as HA, bioactive glass (BG) and tricalcium phosphate.

Magnesium alloys were reported as promising candidates for bone fixation and
tissue regeneration [129]. Furthermore, electrospun NFs loaded with HA and simvas-
tatin had a dual effect through controlling degradation and triggering bone regeneration.
Overall, in a study conducted by Kim’s group, magnesium alloy ES with a covering of
PCL/HA/simvastatin NFs demonstrated promise as a drug delivery system and a hard-
tissue engineering technology [130].

2.3.6. Electrospun NFs as Antibacterial Coatings to Prevent Implant-Related Infections

The development of an infection and formation of bacterial biofilm over an implant
surface are considered the major impediments to the success of orthopedic and dental
biomaterials implantation that may require the reoperation of patients. Accordingly, there
is a clear need to develop a tunable implant coating with excellent bactericidal properties.
However, there are only a few available techniques for coating the required contaminants,
and most of them lack effectiveness [131]. ES technology has shown its ability to tackle
the limitations of the other technologies due to its high antibiotic loading efficiency and
sustained drug release properties [132] (Table 3).

Kranthi et al. used the ES technique to incorporate HA and rifampicin nanoparticles
into PCL composite NFs and then coated them into titanium bone implants to tackle
related infections [133]. Such coating was effective even against MRSA. HA ceramic was
demonstrated to resemble the bone material and increase the osteogenic cell activity [134].
The presence of HA nanoparticles within the PCL composite NFs was shown to reinforce
the mechanical properties of the composite scaffold.

Furthermore, most of the approaches used to prevent implant-related infections are
designed to release only one antibiotic, increasing the risk of antibiotic resistance develop-
ment [135,136]. As a result, many researchers used the ES technique to apply combinatorial
antibacterial therapy to implant coatings. Jahanmard et al. developed PLGA/PCL bilayer
coating structure with a combinatorial antibacterial activity using ES technology [137].
Vancomycin and rifampicin co-delivery in a bilayer structure could provide a sustained
antibacterial effect over several weeks. Hence, it could cover both early and delayed onset
of infection in comparison with the single coating structure.

Similarly, Ashbaugh et al. used the same two polymeric fibers, PCL/PGLA, for the
tunable delivery of different antibody combinations [138]. Rifampicin was co-loaded into
the composite coating with either vancomycin, linezolid or daptomycin. In the in vivo
mouse model of Staphylococcus aureus prosthetic joint infections, all three antibody com-
binations could inhibit the infection and biofilm growth over the implant entirely. It is
worth noting that by adding rifampicin within the PCL layer, this PCL/PGLA composite
coating allows the tunable delivery of the antibiotic combination, with rifampicin diffusing
faster than the other antibiotic. Accordingly, the development of the known rifampicin
resistance [139,140] during therapy can be overcome by avoiding the existence of rifampicin
as a single agent during the treatment period.
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Table 3. Electrospun NF coatings for implant-related infections.

Polymeric Fiber Antibacterial
Agent Implant Antibacterial Action against Ref.

PCL/HA
(Polymer/Ceramic) Rifampicin Titanium

(orthopedic)

Staphylococcus aureus,
Staphylococcus epidermidis,

Pseudomonas aeruginosa and MRSA
[133]

PLGA/PCL Vancomycin and
Rifampicin

Titanium
(orthopedic) Staphylococcus aureus [137]

PLGA/PCL
Vancomycin/Rifampicin
Linezolid/rifampicin

Daptomycin/rifampicin

Titanium
(orthopedic) MRSA [138]

PLGA Vancomycin Titanium
(orthopedic) Staphylococcus aureus [132]

PLA/PCL/gelatin Tetracycline Titanium
(dental)

Prevotella intermedia, Porphyromonas
gingivalis, Fusobacterium nucleatum

and Porphyromonas gingivalis
[141]

Chitosan/polyethylene
oxide (PEO) Vancomycin Titanium

(orthopedic) Staphylococcus aureus [142]

Keratin Silver Titanium
(dental) Staphylococcus aureus [143]

PCL/PVA Doxycycline Titanium
(orthopedic) Staphylococcus aureus [144]

Carboxymethylcellulose
(CMC)/ PEO Clindamycin

AISI 316LVM (stainless
steel) and Ti90Al6V4 (alloy)

(orgopedic)

Staphylococci, streptococci,
pneumococci, and bacteroides

species
[145]

PLGA/PEO Gentamycin Titanium
(orthopedic) Staphylococcus aureus [146]

ES is a promising technology that has been investigated extensively for its various
biomedical applications and advantages. Electrospun NF goods, particularly electrospun
NF implants, have undergone extensive research to be introduced into clinical practice.
A lot of research has shown promising results for finding novel treatments to various
serious medical conditions and cosmetic purposes. These conditions involved cancer
therapy, regenerative medicine, sustained release of medications, wound healing and other
surgical uses. However, this field has not been fully assessed and studied. We still need to
conduct further research to achieve the most possible out of this amazing technology and
fully integrate it into clinical practice.

2.3.7. NF for Wound Healing Applications

Skin wounds are associated with increasingly high morbidity and mortality rates that
can be regarded as a matter of life and death. While there are some available treatment
options, they utterly fail to recover the damaged skin tissue’s normal state and structure,
exacerbating wound infection and/or tissue necrosis. Electrospun NFs have been the
subject of research to develop wound dressings that can allow for skin regeneration pri-
marily because they are compatible with the skin’s ECM, improve skin healing rates, are
degradable over time and can be quickly loaded with a bactericidal agent to prevent tissue
infection and/or bioactive molecules and help with the regeneration process [22,147,148].

Water Resistance and Breathable Wound Dressings

NFs are currently one of the leading materials used for wound healing applications.
The NFs can be molded as membranes supply excellent water resistance properties, and
they also have a sufficient pore number on the surface, making them breathable, causing the
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moisture from the wound to escape [149–151]. However, a lower pore diameter guarantees
water resistance [152–154].

Many researchers have tried to develop breathable and water-resistant wound dress-
ings. Yue et al. developed a waterproof and breathable (W&B) membrane for wound
healing [154]. Yue et al. electrospun the membrane with a perfusion speed of 0.05 mL/h to
10 mL/h and a voltage of 11 kV. The thymol-loaded ethanol-soluble polyurethane skin-like
membranes were prepared. The membrane showed waterproofness to 17.6 cm of water
and a comparatively better breathability rate. Apart from this, the membrane also showed
antibacterial action against the wound.

Similarly, another group of researchers developed an asymmetric wettable gradi-
ent nanofibrous membrane, consisting of polyvinyl butyral (PVB)-polydimethylsiloxane
(PDMS) as the top layer followed by a layer of PVB-PDMS/gelatin and gelatin as a hy-
drophilic layer [155]. The upper layer showed a better contact angle (CA) than the gelatin
lower layer. The membrane showed water resistance to about 58.21 kPa with a water
vapor transmission rate (WVTR) of 8.80 kg m−2d−1. Additionally, the membrane improved
mesenchymal cells with the immobilization of stromal cell-derived factors to increase the
wound healing rate.

The stretchable PDMS-embedded PVB fibrous membranes based on ethanol solvent
system for W&B wound dressings were prepared by Guo et al. using the ES technique [156].
The presence of PDMS caused a reduction in pore size and enhanced surface hydropho-
bicity by four times. The membranes showed a WVTR of 8.98 kg m−2d−1. An increase in
CA from 127.80◦ to 133.16◦ was observed after increasing PDMS content by 45%; however,
the increase was not significant. This might be attributed to the presence of PDMS as a
low surface energy agent on the fiber surface. However, due to surface roughness, the
increase was not so prominent. In an experiment conducted with pure water, coffee, milk,
methyl orange, methylene blue and rhodamine were dripped on the membrane surface.
It was found that the sphere-like droplets were formed due to lyophobic properties. The
membrane was tilted at an angle of 30 ± 5◦ so that drops could roll, and the drops tolled
off smoothly without wetting the membranes indicating the antifouling property. How-
ever, in the case of soybean oil and petroleum ether, poor oleophobicity was observed
due to the oleophilic nature of PDMS. Researchers developed hydrophobic microporous
NF membrane via fluorosilane-modified silica (F-SiO2) nanoparticles, polyurethane and
polyacrylonitrile solution [157]. The presence of flurosilane led to the hydrophobic be-
havior in the membrane. The formed solution was electrospun, and results showed that
incorporating F-SiO2 could promote the hydrophobic nature of the membrane; thus, the
membrane exhibited excellent waterproof and mechanical properties with good WVTR
results. In addition, they can be used in the medical field for drug delivery applications.
Another group developed a nanofibrous membrane using polyacrylonitrile, polyurethane
and titanium dioxide. Apart from W&B resistance, the formed films also showed UV
resistance due to UV531 and fluorinated acrylic copolymer [158]. At the same time, the
hydrophobic coating showed superhydrophobicity and wettability with a CA of 152.1◦.

Electrospun NFs as a Drug Delivery Carrier for Wound Healing

Electrospun NFs are the first choice for practitioners owing to their mimicking nature
with ECM and low or nil adverse effects. Researchers have used natural polymers for
wound healing applications either alone or combined with synthetic polymeric counterparts
to increase their mechanical and physical properties. Depending on the need and the wound
getting treated, the NFs can be impregnated with drugs and stem cells as indicated in
Table 4.

The NFs containing the active moiety have been shown by various studies and are
the primarily used approach during the past decade. Mohammadi et al. prepared elec-
trospun CUR-loaded PCL /gum tragacanth NFs to treat diabetic rats [159]. The scaffolds
also possessed antimicrobial action against various Gram-positive and Gram-negative
bacteria. After 15 days of application of NFs, remarkably faster wound healing was shown.
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Morphologically, the wound showed proliferation of fibroblasts, deposition of collagen and
formation of sweat glands and hair follicles, confirming the wound healing.

Similarly, another research group reported the formulation of CUR-based PCL NFs
formed via the ES process [160]. The fibers were able to release the active ingredient
for about three days in vitro. The human foreskin fibroblast cell lines used showed 70%
enhancement in the bioavailability of CUR. Additionally, the fibers reduced the levels of
interleukin-6 release from the in vitro model and showed an acceleration in wound closure
rate in the streptozotocin-induced diabetic model. Similar membranes were prepared by
ES technique using the gum tragacanth, PLGA and tetracycline as the active agent. These
NFs showed smooth, beadles morphology and controlled release of tetracycline for over
75 days, with an initial burst of 19% for the first two days [161].

Golchin et al. prepared CUR incorporated CS/PVA/Carbopol/PCL nanofibrous
composite to deliver buccal fat pad-derived mesenchymal cells and CUR [162]. The formed
nanofibrous allowed cell seeding and enhanced their growth and proliferation. Mussel-
inspired electrospun NFs doped with silver nanoparticles were formulated for wound
healing applications by GhavamiNejad et al. using the catechol redox chemistry [163].
The silver nanoparticles themselves have antibacterial properties, and their activity was
found to be size- and shape-dependent and the degree of aggregation is also engaged. Due
to the absence of an external reducing agent, the arising tissue toxicity was minimized.
The presence of 1% nanoparticles showed optimized antibacterial action against different
strains of bacteria. The fibers offered a rapid release of nanoparticles in the first 24 h and
could sustain release for about five days, which was the main requirement for effective
antibacterial action (Figure 7).
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Figure 7. Wound appearance at 0, 5, 10 and 15 days after grafting with poly(dopamine
methacrylamide-co-methyl methacrylate) (MADO)-AgNPs, MADO NF, and control [163].

Similarly, other researchers developed wound dressing based on metallic ions such as
silver and magnesium [164]. The wound dressing consisted of gelatin, PCL NFs loaded with
metallic ions. The in vitro results show that the dressings showed good cytocompatibility
and had good antibacterial activity against different bacterial strains. The presence of
magnesium promoted the tube formation of vascular endothelial cells, epidermal formation,
vascularization and collagen deposition (Figure 8).
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Figure 8. A gelatin (GT)/PCL NF membrane with Ag and Mg ions (GT/PCL-Ag-Mg) was fabricated,
and its antibacterial and angiogenesis functions were demonstrated using in vitro and in vivo studies.

Many attempts were made to encapsulate and deliver the natural extracts via elec-
trospun NFs. Vargas et al. followed this approach using the Calendula officinalis and
hyperbranched polyglycerol (HPGL) since the active ingredients had wound healing and
anti-inflammatory action. The electrospun fibers showed rapid release owing to their high
swelling ability and high porosity [165]. By increasing the Calendula officinalis concentration,
a higher release rate from the fibers was observed. The in vivo experiments conducted on
rats showed their potential wound healing characteristics.

Table 4. A literature review of various antibacterial wound dressings prepared using the ES technique.

Polymeric Chain Active Agents Antibacterial Action against Ref.

PLA/PCL Tetracycline hydrochloride Staphylococcus aureus, Escherichia coli and
Pseudomonas aeruginosa [166]

PLGA
Cefoxitin sodium Staphylococcus aureus [167]

Amoxicillin Staphylococcus aureus [168]

PLA Mupirocin Staphylococcus aureus [169]

coPLA/PEG
Ciprofloxacin hydrochloride,
levofloxacin hemihydrate or
moxifloxacin hydrochloride

Staphylococcus aureus [170]

PLA, PLA/Collagen Gentamicin Escherichia coli, Staphylococcus epidermidis,
Pseudomonas aeruginosa [171]

PLLACL Tetracycline hydrochloride Escherichia coli [172]

PMMA/Nylon 6 Ampicillin Listeria innocua [173]

PAA Doxycycline hyclate Staphylococcus aureus, Streptococcus
agalactiae, Pseudomonas aeruginosa [174]

Cyclodextrin complex Triclosan Staphylococcus aureus, Escherichia coli [175]
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Table 4. Cont.

Polymeric Chain Active Agents Antibacterial Action against Ref.

PCL/PLA
N-halamine

Escherichia coli, Staphylococcus epidermidis [176]
PLA Staphylococcus aureus, Escherichia coli [177]
PAN Staphylococcus aureus, Escherichia coli [178]

CAc
Quaternary ammonium salts Staphylococcus aureus, Escherichia coli [179]

Chlorhexidine Escherichia coli, Staphylococcus epidermidis [180]

CAc/PEU Polyhexamethylene biguanide Escherichia coli [181]

PEO/Chitosan Potassium 5-nitro-8-quinolinolate Staphylococcus aureus, Escherichia coli,
Candida albicans [182]

PAN Silver NPs Staphylococcus aureus, Escherichia coli,
Bacillus subtilis [183]

PLA/Chitosan Staphylococcus aureus, Escherichia coli [184]

PEO/Chitosan
Antimicrobial peptides (Plantaricin

423 and bacteriocin ST4SA)

Escherichia coli [185]
PVA/Chitosan Escherichia coli [186]
PDLLA/PEO Enterococcus faecium [187]

Abbreviations. CAc: Cellulose acetate; coPLA: poly(l-lactide-co-d,l-lactide); PAA: poly(acrylic acid); PAN:
polyacrylonitrile; PEU: polyester urethan; PCL: poly(ε-caprolactone); PDLLA: poly(d,l-lactide); PEG: polyethylene
glycol; PEO: poly(ethylene oxide); PLA: poly(lactic acid); PLGA: poly(lactide-co-glycolide); PLLACL: poly(l-lactid-
co-ε-caprolactone); PMMA: poly(methyl methacrylate); and PVA: polyvinyl alcohol.

3. Mechanical Properties of Electrospun NF Implants

The mechanical properties of electrospun nanofiber implants are critical in applications
such as implants that require long-term endurance and structural integrity. To be useful
in any application, fibers must have acceptable mechanical properties. Traditional tensile
tests can be used to assess the electrospun nanofiber materials’ tensile strength. However,
in most of the published research, these tests are performed on electrospun mats, scaffolds
and other materials rather than the fiber itself because measuring these parameters for
fibers in the nano or submicron range is very difficult [1,2].

During the service of electrospun nanofibers as implants, nanofibers are continuously
subjected to stresses from the surrounding environment, which can significantly result in
their permanent deformation. The mechanical limitations of electrospun nanofibers can
hinder their use in implants and other applications. Despite of the high compatibility of
gelatin fibers, they have poor mechanical properties (tensile strength, Young’s modulus,
elongation, elasticity). Therefore, the applications and further development of gelatin-based
nanofibers are compromised [3]. Similarly, PLA and PLGA-based scaffolds’ low mechanical
properties resulted in their permanent deformation after a prolonged duration of cyclic
strain [4]. On the other hand, the flexible mechanical proprieties of PCL-based nanofiber
membranes resulted in their extensive study in various applications [5].

As a result, many approaches have been proposed to enhance the mechanical prop-
erties of electrospun nanofibers. Polymer blending is one of the used approaches to
provide mechanically competent electrospun nanofiber-based implants. The tensile mod-
ulus of PCL polymer is 2.05 ± 0.15 MPa, which is much higher than the stiffness range
reported for human myocardium in many literatures (20–50 KPa) [6]. Accordingly, the
electrospun PCL-based implant does not successfully imitate the host ECM and thus-
does not support effective implant regeneration and proliferation into the myocardium.
Castilho and colleagues created electrospun nanofibers made of miscible blend of PCL and
poly(hydroxymethylglycolide-co-caprolactone) (pHMGCL) in various ratios to overcome
the failure of PCL-based myocardial implant in cardiac tissue engineering [7]. The tensile
modulus of a blend of pHMGCL and PCL (40:60) decreased from 2.05 ± 0.15 MPa to
1.18 ± 0.08 MPa, bringing it closer to the range of normal myocardium stiffness. Other ap-
proaches can be also used to provide mechanically competent electrospun nanofibers, such
as the modification of the polymer structure and the modification of the processing method.
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4. Portable ES Device Applications

Introducing portable ES devices to the field of nanomedicine has emerged, primarily to
overcome possible drawbacks associated with conventional ES setups that usually consist
of mega-sized equipment that is difficult to be assembled for instant applications in a one-
time use manner. The mobility of this device and its deposited fibers have further expanded
the promise of in situ electrospinning for applications in wound healing and other fields.
Only the spinneret component of these devices is portable since the rest of the machine is
too huge and heavy to be hand handled, as with most other portable gadgets. In addition,
the resulting matrices are bulky with possible inadequate stability restricting their ease of
transportation and storage, accounting for a higher risk of degradation. Portable ES devices,
on the other hand, are easily assembled using completely available off-shelf materials while
producing highly efficient fibers for point of need application [188], mainly implemented
in wound dressings with skin regenerating qualities [189–191] and rapid hemostasis [192]
either in minimally invasive surgeries [193] or outdoor settings [194].

Brako et al. [188] presented a simple, portable electrospinning device to overcome this
constraint and the high cost of the equipment that was previously used to address it. This
consists of a miniaturized high-precision microsyringe pump (Micrel mph+) as well as a
minuscule high-voltage power supply (EMCO 4330+) that is capable of producing up to
33 kV at a power of 10 W (as shown in Figure 9). By completely combining the spinneret
and the power supply unit into a portable device, the whole apparatus becomes lighter in
weight and smaller, allowing it to be deployed almost everywhere where there is mains
electricity. In this technology, CAc and CAc doped with silver nanoparticles have been
electrospun into fibers that have been effectively applied directly to simulated wound sites.
Such portable devices may point the way to the more widespread and practical use of
functional nanofibers in advanced wound care that is more individualized.

Figure 9. (a) Schematic diagram of the portable EHD device. (b) A photograph showing the assembly
of the mini device held in hand. (c–e) Snapshots of real-time recording of the operation of the mini
EHD device generating nanofibers onto a mock wound in situ [188] (Reproduced CC BY license).
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Long and colleagues developed a simple portable battery-operated electrospinning
apparatus (BOEA) that uses a finger-pressed syringe to generate electrospinning [195].
This device’s high-voltage supply was provided by a combination of batteries and a high-
voltage converter. It has been stated that the charge may be passed via the body (hand) by
contacting the metal foil, hence preventing charge buildup from occurring. It was found
that two AAA batteries (3 V) were sufficient for the practical use of the BOEA and that
it was capable of continuous operation for more than 15 h with insignificant current and
an effective working distance ranging from 2 to 10 cm with little current consumption.
One benefit to note is using a battery and a high-voltage converter; thus, the device was
lightweight (about 120 g) and had small overall dimensions, thus enhancing its portability.
Several polymers, including polyvinyl pyrrolidone, polyvinylidene fluoride and PCL, were
successfully electrospun into fibers with diameters in the hundreds of nanometers range
using the BOEA, which was also tested for solution electrospinning performance.

4.1. Wound Dressings with Skin Regenerating Properties

Edirisinghe and colleagues suggested a portable electrospinning system, including a
portable handheld spinneret, to get in situ electrospinning results. Essentially, the instrument
consisted of a spray pistol equipped with either a single needle or two coaxial needles. This
device was used to create PLGA particles and fibers and PLGA/Polymethysilsesquioxane
core-shell fibers deposited onto a limited target region at various angles [196]. Following
that, the portable electrospinning apparatus was used for in situ deposition of bioproducts
throughout the wound healing process, and the results were promising. In this case, the
portable device offered a handy way of depositing PLGA fibers onto a target location, such
as an incised wound or the surface of a grazed wound. Furthermore, due to the electrostatic
attraction forces, fibers may be sprayed onto a burn wound site in less than 300 s, resulting
in a thin protective coating on the surface of the burn wound. A simple hand flexing might
be used to remove the film [197].

Yue et al., 2021 introduced an enhanced portable ES device matching the shape of
the gun and imports an attached battery (3 V), voltage transformer module (from 3 V
to 5 V), high voltage converter (amplifying the 5 V up to 11 kV), stepper motor syringe
pump, and a speed control module allowing for high voltage supply and controllable
perfusion speed (from 0.05 mL/h to 10 mL/h) to prepare waterproof and breathable (W&D)
fiber matrices. In addition, the current values were much smaller than the perception
current, the minimum current value (of about 1 mA) that was perceivable by the human
body senses, that they were ignored and ruled as safe for human application [154]. They
used ethanol-soluble polyurethane (EPU), fluorinated polyurethane (FPU) and thymol
(2-isopropyl-5-methylphenol) to prepare the polymer solution, as shown in Figure 10.
EPU/FPU formed the constructive basis of the fiber-matrix. At the same time, thymol
added an antibacterial property to the generated skin-like matrices that were tuned precisely
for every wound structure with excellent mechanical properties, pertaining to its porosity,
thickness and moisture permeability with a high water vapor transmittance (WVT) rate
of about 13.1 Kg m−2d−1, robust hydrophobicity with a moderate hydrostatic pressure
of 17.6 cm H2O and excellent breathability of 3.56 kg m−2d−1 allowing for an overall
enhanced patient experience [198].

Other possible candidates for the electrospun polymer solution used for preparing
wound dressings include, but are not limited to, zein/thyme essential oil (TEO) [199],
zein/clove essential oil (CEO) [200], zein and cinnamon oil [201] and PLA/gelatin [202].
The essential oil in every combination has antibacterial activity, and some even are active
against Escherichia coli and Staphylococcus aureus, as in cinnamon oil with an inhibition
zone of around 5 cm.
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Figure 10. (a) Fabrication of EPU/FPU/Thymol nanofibrous membranes using the ES portable device.
(b) Demonstrative scheme of the breathable, waterproof and antibacterial action of EPU/FPU/Thymol
nanofibers. Republished under the permission of Yue et al. [154].

4.2. Rapid Hemostasis

The application of conventional ES fibers in internal organs such as the liver and
meningeal closures requires their fixation and the fibers to be thick enough to mediate
its adhesion to the organ lining; however, this limits its use in sensitive wounds such as
in visceral bleeding. Among the proposed materials, PCL appears to be the most conve-
nient for visceral application superior to chitosan, alginate and cyanoacrylates (CA) [203].
Zhou et al., 2020 proposed that it is was possible to use a portable ES device for in situ
simultaneous application of PCL ES fibers in rapid intestinal hemostasis, as shown in
Figure 11. The generated fiber matrices had strong adsorptive forces to wound exudates
and were able to resist hydrostatic pressure; additionally, they had an overall good sealing
effect [192].

Laparoscopic aided ES was introduced by Zhang et al., 2020 when they applied
a handheld ES device with a long needle (40 cm long, 0.5 cm in diameter) inserted in
a laparoscopic tube (0.6 cm in diameter) during a minimally invasive operation (MIO)
on a pig liver. This technique showed rapid hemostasis (5 s) consistent with reduced
inflammatory responses and accelerated recovery rates [193]. However, safety issues
are still a concern, and clinical trials should evaluate the extent to which a portable ES
device is applied within critical conditions, as in surgeries, instead of sutures and other
conventional techniques.

The use of the BOEA for direct electrospinning of the medical adhesive, N-octyl-2-
cyanoacrylate (NOCA), to create fibrous media suitable for soft tissue hemostasis, which
is related to liver hemostasis, has been investigated more recently by the Luo et al. [204].
Controlling tissue adhesion after surgery is critical in this specific application, and accurate
deposition of the hemostatic medical adhesive is often required to achieve this goal. It
was necessary to attach a metal cone to the spinning nozzle to achieve precise deposition
(as shown in Figure 12). It was discovered that by varying the metal cone’s size, the
electrospun fibers’ deposition range could be modified to the desired value. Further, this
modified BOEA was used to deposit NOCA fibers onto the resection site of the rat liver,
resulting in rapid hemostasis within 10 s. When comparing the outcomes of this procedure
to those of the airflow-assisted group, postoperative pathological findings revealed that
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the inflammatory response and tissue adhesion were decreased. A modified BOEA might
be designed for emergency medical operations, community patient care or home care
scenarios where the mobility and simplicity of operation would be especially helpful, as
shown by this possibility. In this device, the voltage was fixed, limiting the extent to which
the physical properties of dressings and the dimensions of dressings produced in situ could
be modified. Additionally, the delivery of the spinning solution was dependent on the
pressure applied by the fingers to the trigger, which could vary during use, resulting in
inconsistent fiber deposition.

Figure 11. Implementing the portable ES device in an intestinal incision. With permission from
ref. [192].

Figure 12. Schematic diagram of the electric field-modified e-spinning NOCA fibers for liver resec-
tion hemostasis.
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Future Perspectives

The recently introduced portable devices have increasingly superseded the usage of
homemade electrospinning equipment with portable spinnerets in recent years. These
devices are comprised of a spinneret in the form of a pistol, and an airflow became com-
mercially available. Therefore, the airflow constrains the electrospinning jets, resulting in
the exact placement of electrospun fibers on the target region. Furthermore, the interest in
using in situ fiber in mildly invasive surgeries over the conventional methods is increasing.
However, this technology is in the early phase of its applications in clinical studies [192].
The problem with the approach is that the human body’s conductive nature could pre-
cipitate short circuits and creepage. Therefore, further studies are necessary to establish
cost-effective and less detrimental techniques required to meet the market demand. Besides
that, in wound dressings level, rapid hemostasis, or even minimally invasive surgeries,
fast, safe, and effective techniques are essential.

5. Conclusions

Advances in all biomedical domains and the increasing complexity of diagnosis and
therapeutic processes necessitate the development of a unique drug delivery system to
improve the bioavailability of pharmaceuticals and their actions, as well as their safety
and adverse effects. Nanofiber biomaterials material fabricated by electrospinning possess
extremely high specific surface area, high porosity, adjustable fiber morphology and surface
function. Due to these properties, the electrospun fiber material can meet the requirements
for advanced biomedicine and tissue engineering. Specifically, this paper aimed to explore
the efficacy of electrospun nanofibers for application in wound treatment, antibacterial
coating to prevent implant-related infections in orthopedic and dental applications, and
implants for cancer therapy, by updating with information collected from the most recent
literature. The ES of biopolymers and APIs is also discussed regarding their current scope,
limits and future outlook. In the context of a nanotechnological approach for novel wound
dressing fabrication, reducing scar formation and drug-loading with efficient therapeutic
agents, this review may offer new perspectives and technical support for the development
of advanced, functional, soft biomaterials from lab-scale to industrial-scale production.
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Abstract: Using an ideal biomaterial to treat injured bones can accelerate the healing process and
simultaneously exhibit antibacterial properties; thus protecting the patient from bacterial infections.
Therefore, the aim of this work was to synthesize composites containing silicate-based bioactive
glasses and different types of noble metal structures (i.e., AgI pyramids, AgIAu composites, Au
nanocages, Au nanocages with added AgI). Bioactive glass was used as an osteoconductive bone
substitute and Ag was used for its antibacterial character, while Au was included to accelerate the
formation of new bone. To investigate the synergistic effects in these composites, two syntheses were
carried out in two ways: AgIAu composites were added in either one step or AgI pyramids and Au
nanocages were added separately. All composites showed good in vitro bioactivity. Transformation
of AgI in bioactive glasses into Ag nanoparticles and other silver species resulted in good antibacterial
behavior. It was observed that the Ag nanoparticles remained in the Au nanocages, which was also
beneficial in terms of antibacterial properties. The presence of Au nanoparticles contributed to the
composites achieving high cell viability. The most outstanding result was obtained by the consecutive
addition of noble metals into the bioactive glasses, resulting in both a high antibacterial effect and
good cell viability.

Keywords: silver; gold nanocages; in vitro bioactivity; antibacterial activity

1. Introduction

The widespread application of bioactive glasses is not surprising since they are used
to treat bone injuries, cancer metastases, and wounds [1]. Moreover, it is known that
additional properties can be conferred to bioactive glasses by adding different metals to
them [2–4]. Among these properties the following ones are worth highlighting: stimulation

117



Materials 2022, 15, 1655

of angiogenic factors and anti-inflammatory effects, enhancement of cell viability characters,
and an increase in antibacterial and osteogenic cellular activity [1,3,5].

The unique properties of gold nanoparticles are related to their (localized) surface
plasmon resonance, large surface-to-volume ratio, biocompatibility, low toxicity, and stabil-
ity [6]. These properties are utilized in several (biomedical) applications [7], such as drug
delivery, diagnostics and therapeutics, bionanosensors, and biomedical nanodevices. It is
known that gold nanoparticles with an appropriate size and morphology can simulate the
proliferation of keratinocytes [8]. Liang et al. [9] reported that gold nanoparticles (with a
diameter of 15 nm) loaded into mesoporous on silica nanoparticles promote the viability
and proliferation of osteoblasts. Our research group successfully introduced gold nanopar-
ticles into a bioactive glass matrix system [10] without losing their properties. In vivo
assays confirmed the following results: (1) the gold nanoparticles containing bioactive glass
embedded in Vaseline ointment showed faster wound regeneration in laboratory rats [11];
(2) the gold nanoparticles containing bioactive glass introduced in an alginate–pullulan
composite exhibited excellent biocompatibility after in vivo subcutaneous analysis [12].

Unfortunately, surgeries sometime end with a bacterial infection that is received dur-
ing hospital treatment [13]. Therefore, it is important to develop materials that exhibit
antibacterial properties by involving noble metals in them, such as Ag, Pt, Pd, Cu, and
Ru [12,14], or metals such as Ti, Co, Zn, and Ni [15,16]. Bioactive glass with Ag nanoparti-
cles (AgNPs) showed high potential in antibacterial applications, as claimed by Bellantone
and Hench [17]. After this finding, several studies [18–21] showed that adding different
species of silver into bioactive glass matrices gave the composites antibacterial properties.
It has also been stated that AgNPs are one of the best-known noble metals that possess
this property but, due to their instability [22], their use still raises a lot of questions. The
instability was demonstrated by Leward et al. [23] who shown that silver species in NaCl
media transformed into AgNPs and AgCl, which could affect their in vivo performance.

In our previous work [24], we involved AgI particles in a bioactive glass matrix to
avoid the possible formation of AgCl after its immersion in simulated body fluid (SBF). In
this work, we concluded that AgI transformed into AgNPs, Ca(IO3)2, and CaI2 but still
showed acceptable antibacterial properties.

Gold nanoparticles with silver content can be obtained by synthetizing spherical gold
nanocages (AuNCs), as small amounts of AgNPs remain in samples that have been used
for synthesis [25,26]. By adding the latter to bioactive glass, a moderate antibacterial effect
can be obtained [27].

The aim of this work was to prepare biomaterials with bactericidal effects and to
maintain the beneficial properties of gold nanoparticles proven in our previous in vivo
studies [11,12]. Accordingly, AuNCs and AgI microcrystals were added to bioactive glasses
to obtain composites via the sol–gel the method used in our previous studies. Gold and
silver particles were added into the bioactive glass using four different pathways: synthe-
sizing two different reference materials, that is, AuNCs and AgI were added separately into
the bioactive glass, or two composites were synthesized containing both noble metals. Our
investigation on the human epidermal keratinocyte cell (HaCaT) line and the Pseudomonas
aeruginosa and Staphylococcus aureus bacterial strain lines proved that multifunctional bioac-
tive glasses can be successfully synthesized.

2. Materials and Methods
2.1. Materials

All chemicals were used as received without further purification. For the synthesis
of AgI microcrystals and gold nanocages, ethylene glycol (EG, analytical reagent, Molar
Chemical, Halasztelek, Hungary), sodium iodide (NaI, ≥99%, reagent grade, Honeywell,
Fluka, Denmark), silver nitrate (AgNO3, analytical reagent, 99.8%, Penta Industry, Prague,
Czech Republic), polyvinylpyrrolidone (PVP, average mol wt. 40,000, Sigma-Aldrich,
Schnelldorf, Germany), ethanol (EtOH, absolute, Molar Chemical, Halásztelek, Hungary),
gold(III) chloride trihydrate (HAuCl4·3 H2O, trace metals basis, Sigma-Aldrich, Schnelldorf,

118



Materials 2022, 15, 1655

Germany), sodium borohydride (NaBH4, 96%, Sigma-Aldrich, Schnelldorf, Germany),
sodium citrate dihydrate (Na3C6H5O7·2H2O, 99.0%, Alfa-Aesar, Haverhill, MA, USA),
sodium chloride (NaCl, >99.0%, Spectrum-3D, Debrecen, Hungary), and Pluronic® F-127
(Bioreagent, i.e., suitable for cell culture, Sigma-Aldrich, Schnelldorf, Germany) were used.

The precursors used for the synthesis of glass were tetraethyl orthosilicate (TEOS,
≥99%, Merck, Burlington, MA, USA), triethyl phosphate (TEP, ≥99%, Merck, Burlington,
MA, USA), and calcium nitrate tetrahydrate (Ca(NO3)2·4H2O, ≥99%, Lach-Ner, Neratovice,
Czech Republic), which were hydrolyzed in the presence of nitric acid (HNO3, 65%, Nordic
Chemical, Cluj-Napoca, Romania). Ultrapure water and absolute ethanol were used
throughout the whole experimental process.

For the preparation of SBF sodium chloride (described above), sodium bicarbonate
(NaHCO3, Penta Industry, Prague, Czech Republic), potassium chloride (KCl, 99.5%, Nordic
Chemicals, Cluj-Napoca, Romania), dipotassium hydrogen phosphate (K2HPO4, 99%,
Penta Industry, Prague, Czech Republic), magnesium chloride hexahydrate (MgCl26H2O,
99%, Merck, Burlington, MA, USA), calcium chloride (CaCl2, >97% Penta Industry, Prague,
Czech Republic), sodium sulphate (Na2SO4, 99%, Nordic Chemicals, Cluj-Napoca, Roma-
nia), tris(hydroxymethyl)aminomethane (TRIS, 99.8%, Merck, Burlington, MA, USA), and
hydrogen chloride (HCl, 37%, Nordic Chemicals, Cluj-Napoca, Romania) were used.

2.2. Synthesis of Silver Iodide and Sperical Gold Nanocages
2.2.1. Synthesis of Silver Iodide

AgI particles were prepared via solvothermal synthesis by the addition of silver nitrate,
sodium iodide, and PVP [24]. The solutions were prepared in two separate beakers. In the
first beaker, silver nitrate (0.167 M) was dissolved in 20 mL of EG. In the second beaker,
sodium iodide (0.077 M) and PVP (0.0036 M; calculated to units of PVP) were dissolved in
100 mL of EG and stirred for 1 h at 60 ◦C. After combining the contents of the two beakers,
the synthesis mixture was stirred for another hour. A yellowish-green precipitate was
formed in an instantaneous reaction, indicating the formation of AgI. After stirring, the
suspension was crystallized at 160 ◦C in an autoclave (160 mL) for 2 h. The sample was
then purified with 3 × ≈35 mL Milli-Q water and 1 × ≈35 mL EtOH by centrifugation at
4400 rpm for 10 min, then dried at 40 ◦C for 12 h.

2.2.2. Synthesis of Spherical Gold Nanocages

The synthesis of spherical AuNCs was based on the galvanic replacement method in
which AgNPs were exchanged [26,27]. In the first part of the synthesis, a sol containing
AgNPs was prepared. For this purpose, 227 mL of Milli-Q water was mixed with 33 mL
(2.31 mM) of sodium citrate solution. After stirring for 30 min, 2.8 mL (83.67 mM) of silver
nitrate solution was added to the mixture. After stirring for another 30 min, the AgNPs
were reduced with sodium borohydride (5.25 mL, 0.55 M).

The resulting solution containing AgNPs was transferred to a reflux flask, heated to
100 ◦C under continuous reflux, and held at that temperature for 10 min. Then, 3.15 mL of
25.39 mM HAuCl4·3H2O solution was added dropwise and the system was kept at 100 ◦C
for 20 min and refluxed continuously. The solution containing AuNPs was cooled to room
temperature and ≈18 g of NaCl was added to facilitate the dissolution of the resulting
AgCl. Impurities were removed from the final solution by washing three times with
0.5 mM Pluronic® F-127 polymer solution.

2.2.3. Synthesis of Silver Iodide with Spherical Gold Nanocages

A composite of silver iodide with spherical gold nanocages (AgIAu) was fabricated
using AgI and AuNCs. First, a sol containing AuNCs was prepared and purified by
washing three times with water. Second, AgI was prepared by adding 50 mg of AgI to
100 mL of distilled water under ultrasonication for 15 min. Third, the aqueous gold sol
was added to the silver-containing suspension that was washed with 3 × ≈35 mL distilled
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water in a centrifuge at 4400 rpm for 5 min, then dried at 40 ◦C for 12 h. For the thermal
stability analysis, the AgIAu composite was heat treated at 500 ◦C in air for 3 h.

2.3. Synthesis of Bioactive Glasses with Silver and Gold Content

In the sol–gel derived bioactive glass (BG) noble metals (AgI and AuNCs) were
introduced in two different ways: (i) with preliminary composite mixing, i.e, with the
addition of AgIAu; and (ii) consecutively added to the system. Reactants were added
consecutively after 1 h intervals under continuous stirring, as described in our previous
study [27,28]. Finally, the solution of colloidal AgI, AuNCs, AgIAu, AgI, and AuNCs was
added and stirred for 1 h. The solutions were stored in a closed container at 37 ◦C until
gelation was reached (~48 h). The obtained gels were aged 3 days at 37 ◦C, after that they
were dried at 110 ◦C for 24 h. Material stabilization was carried out at 500 ◦C in air for 3 h.
Prior to characterization, the samples were milled by hand in a ceramic mortar.

Table 1 contains the abbreviations of the samples and details about the compositions.
In the composites, the AuNCs:AgI ratio was 24:76. Glass composites are traditionally
calculated in mol%. For comparison purposes, the amount of silver was expressed in at%
in each sample, and the information is presented in Table 1.

2.4. Characterization of AgIAu Composites

The crystalline composition of the AgIAu composites was identified by using a Shi-
madzu X-ray diffractometer (XRD 6000, Kyoto, Japan), operating with CuKα radiation
(λ = 1.54 Å) and a Ni filter. The diffraction patterns were recorded in the 2θ range from 10◦

to 80◦ with a speed of 2◦/min. The specified band for AgI and the typical localized surface
plasmon resonance band for Au nanocages were identified with a Jasco-V780 spectropho-
tometer equipped with an ILV-724 integrating sphere (UV–Vis, Jasco, Wien, Austria) with
spectra resolution of 2 mm. The morphology of the samples was determined with a FEI
Technai G2 20 X-TWIN transmission electron microscope (TEM, FEI, Hillsboro, OR, USA)
and a Hitachi S-4700 Type II scanning electron microscope (SEM, Hitachi, Tokyo, Japan).

2.5. Structural and Morphological Characterization of Bioactive Glass Composites

Elemental composition of the glass samples was examined using an energy dispersive
X-ray spectroscope (EDX, Hitachi, Tokyo, Japan) with Röntec XFlash Detector 3001 SDD
system. The morpho-structural properties of the samples were analyzed by XRD and
FT-IR spectroscopy. The FT-IR absorption spectra were recorded with a Jasco 6600 FT-IR
spectrometer (IR, Jasco, Tokyo, Japan) within the range of 400–4000 cm−1 and a spectra
resolution of 4 cm−1 by using the KBr pellet technique.

2.6. In Vitro Bioactivity Assays

The in vitro bioactivity assays were analyzed by immersion in SBF (pH = 7.4; 37 ◦C)
for 7 days. An incubator was used to reach 37 ◦C and the concentration of bioactive glasses
was 10 mg·mL−1. After 7 days the samples were filtered, rinsed with ultrapure water, and
dried. The formation of a hydroxycarbonate apatite (HCA) layer on the surface of the
samples was investigate by XRD, FT-IR, UV–Vis, and SEM measurements. FT-IR spectra,
XRD diffractograms, and an SEM micrograph were achieved with the same equipment
described above.
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To analyze surface changes before and after immersion in SBF, XPS spectra were
recorded with a SPECS PHOIBOS 150 MCD system employing a monochromatic Al-Kα

source (1486.6 eV), a hemispherical analyzer, and a charge neutralization device. Samples
were fixed on double-sided carbon tape, and care was taken to ensure that the sample
particles covered the tape. Experiments were performed by operating the X-ray source
with a power of 200 W, while the pressure in the analysis chamber was in the range of
10−9–10−10 mbar. The binding energy scale was charge referenced to that of C1s at 284.6 eV.
Elemental composition was determined from the survey spectra acquired at a pass energy
of 60 eV. High-resolution spectra were obtained using an analyzer pass energy of 20 eV.
Analysis of the data was carried out with CasaXPS software.

2.7. Cell Viability Assay

Cell viability assessment was carried out on a human epidermal keratinocyte cell line
(HaCaT, Cell Line Service, Eppelheim, Germany), via the same method that we described
in our previous publications [10,27]. The cells were cultured in Dulbecco’s modified Eagle’s
medium (Lonza) supplemented with 2 mM L-glutamine, Pen/Strep 100 U/mL, and 10% FC.
Then, they were incubated in a humidified incubator under 5% CO2 atmosphere at 37 ◦C.
The cytotoxic effects of different samples were assayed with a WST-1 dye (Merk Millipore,
Burlington, MA, USA). The HaCaT cells were seeded in a 96-well plate, at a density of
1 × 104 cells/well. The following day, different amounts of the samples were added to
the test wells and cells were placed in the incubator for an additional 24 h. All glass
samples were tested at three concentrations (75 µg·mL−1, 150 µg·mL−1, and 300 µg·mL−1).
Untreated cells were used as controls. At the end of the incubation period, the medium was
removed from all wells, and 100 µL of fresh medium containing 10% WST-1 solution was
added to each well. The cells were incubated for another 60 min at 37 ◦C. Empty wells with
medium containing WST-1 reagent were used as blanks. Viability of HaCaT cells after 24 h
of treatments was determined by measuring the absorbance at 440 nm with a microplate
reader (Fluostar Omega, BMG Labtech, Ortenberg, Germany).

2.8. Antibacterial Activity
2.8.1. Microorganism and Culture Conditions

One aerobic gram-negative Pseudomonas aeruginosa (ATCC 27853) and one gram-
positive Staphylococcus aureus (ATCC 49444) bacterial strain were used for antibacterial
activity analysis. The tested microorganisms were obtained from Food Biotechnology
Laboratory, Life Sciences Institute, University of Agricultural Sciences and Veterinary
Medicine Cluj-Napoca, Romania. Both bacteria were cultured on Mueller-Hinton Agar and
cultures were stored at 4 ◦C and subcultured once a month.

2.8.2. Microdilution Method

A modified microdilution technique, based on the regulations of the Clinical Labora-
tory Standard Institute (CLSI), was used to evaluate antimicrobial activity [29]. Bacterial
species were cultured overnight at 37 ◦C in Mueller-Hinton Broth (MHB). The bacterial cell
suspensions were adjusted with a 0.9% NaCl sterile saline solution to a concentration of
approximately 3 × 105 colony-forming units (CFU)/mL in a final volume of 100 µL per
well. The inoculum was stored at +4 ◦C for further use. Dilutions of the inoculum were
cultured on solid Mueller–Hinton (MH) for bacteria to verify the absence of contamination
and check the inoculum’s validity. Determinations of minimum inhibitory concentrations
(MICs) were performed by a serial dilution technique using 96-well microtitre plates. The
samples were transferred to the wells containing 100 µL MHB, and afterward, 10 µL of
inoculum was added to all the wells. The microplates were incubated for 18 h at 37 ◦C.
The MIC of the samples were detected following the addition of 20 µL (0.2 mg·mL−1) of
resazurin solution to each well, and the plates were incubated for 2 h at 37 ◦C. A change
from blue to pink indicated a reduction in resazurin and, therefore, bacterial growth. The
MIC was defined as the lowest drug concentration that prevented this color change. The
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concentration of the samples was 10 mg·mL−1. A control sample gentamicin solution of
the same concentration was used for the tested samples.

2.9. Statistical Analysis

All data in the cell viability assay were reported as the mean ± SD of triplicate
measurements. The values were analyzed by two-way analysis of variance ANOVA.
Statistical significance was at p < 0.05 in all cases. Statistical values were obtained using
GraphPad Prism 8.0 software. The antimicrobial analysis required no statistical validation
as the method was one of the highest confidence interval methods [30].

3. Results and Discussion
3.1. Characterization of The Composites Containing AgI Microcrystals, Spherical Gold Nanocages,
or AgIAu Nanostructures

After the synthesis of AgI microcrystals and AuNCs, their characterization was carried
out to investigate their reproducibility. The results were compared with those published in
our previous work [24,27]. The UV–Vis spectra, XRD patterns, and SEM micrographs of the
AgI microcrystals confirmed the reproducibility of the samples as follows: (i) in the UV–Vis
spectrum (Figure 1A) of the sample the typical absorption band for AgI (415–480 nm; [31])
was identified; (ii) in Figure 1B the corresponding reflections of AgI (β-AgI—COD 00-101-
1025 and γ-AgI—COD 00-901-1693) were observed; and (iii) the SEM images confirmed the
pyramidal structure (Figure 2A). It should be emphasized that AgI was semicrystalline and
the two different crystal phases of AgI could not be distinguished because their reflections
overlapped with each other [32].
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The UV–Vis spectra of the AuNCs showed the appropriate (localized) surface plasmon
resonance band of AuNCs, located at ≈490 nm (Figure 1A). In the TEM micrographs the
presence of Au nanostructures of about 18 ± 3 nm were also observed (Figure 2B). The
first proof of successful composite mixing was obtained by UV–Vis measurements. Both
the (localized) surface plasmon resonance band of AuNCs (located at 500 nm; insert graph
Figure 1A) and the absorption band of AgI (between 350–470 nm) could be observed. The
second proof was obtained by XRD measurements, revealing that not only could the AgI
reflection be identified but the reflection of Au (COD 00-900-8463) could also be identified.
Moreover, in the TEM images small particles could be observed on the surface of the AgI
microparticles (Figure 2C). Unfortunately, the low stability of silver-based materials could
also be noticed in Figure 2D as the surface of the particles changed with the energy of the
electron beam, thereby their size could not be analyzed.

In our previous work [27] it was shown that the gold nanocages introduced into the
bioactive glasses were recrystallized into spherical gold nanoparticles by heat treatment at
500 ◦C. It has also been demonstrated by our group [24] that AgI microcrystals remained
stable after heat treatment at 500 ◦C. Thermal stability of the AgIAu composite was investi-
gated to determine possible transformations during heat treatment; thus, the composite
was heat treated at 500 ◦C. After heat treatment, the reflection for Au and AgI were still
presented, the gold became crystalline, and the AgI did not have any significant changes
(Figure 1B).

3.2. Characterization and In Vitro Bioactivity of Bioactive Glass Composites

EDX analysis was performed for elemental identification of composites. In Figure 3
the presence of all metal components can be seen. The silver and iodine values were
comparable with theoretical values (Table 2). The presence of gold was also confirmed, but
due to the small amount the obtained value differed to the theoretical one.
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Figure 3. EDX spectra of the BG, BG-AgI, BG-AgIAu, BG-AgI+AuNCs, and BG-AuNCs samples.

Table 2. Si, Ag, I, and Au content of the heat-treated BG composites obtained from EDX measurements.
For comparison, theoretical values were also calculated.

Sample
Elements (at%)

Si Ag I Au

BG
Theoretical 20.00 - - -

Heat-treated 21.76 - - -

BG-AgI Theoretical 20.00 0.25 0.25 -
Heat-treated 18.51 0.17 0.25 -

BG-AgIAu Theoretical 20.00 0.24 0.24 0.089
Heat-treated 14.97 0.17 0.14 0.015

BG-AgI+AuNCs Theoretical 20.00 0.24 0.24 0.09
Heat-treated 16.10 0.3 0.22 0.015

BG-AuNCs
Theoretical 20 0.0024 - 0.089

Heat-treated 17.82 0.22 - 0.074

The XRD patterns (Figure 4) of gold-containing samples exhibited characteristic re-
flections of metallic gold (COD 00-900-8463). These signals were recorded both before and
after immersion in SBF. In the BG-AgI sample an additional reflection was observed at
29.45 (2θ◦). This could be attributed to the presence of CaCO3 (calcite) (COD 00-101-0928),
which only appeared after the heat treatment of the sample. The formation of CaCO3 could
have originated from the high concentration of calcium ions and the textural parameters of
the bioactive glasses [33].

After immersion in SBF for 7 days, all samples showed reflections associated with the
presence of an HCA layer precipitated on the surface of the samples (COD file no. 09-0432).
After soaking in SBF, AgCl (COD file no. 00-901-1666) was formed on the surface of the
silver containing BG composites because of the high amount of NaCl in SBF [34]. The
formation of AgCl occurred in the BG–AuNCs samples when the amount of Ag was low.
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Figure 4. XRD patterns of the BG, BG-AgI, BG-AgIAu, BG-AgI+AuNCs, and BG-AuNCs samples
before (0 days) and after (7 days) immersion in SBF.

The formation of BG was confirmed (Figure 5) by the presence of an absorption band
at 1080 cm−1 and a shoulder around 950 cm−1. The former could be attributed to the
stretching vibration of Si-O bonds, while the latter to the vibrations of Si-O-Si groups [35].
The strong absorption band around 470 cm−1 was attributed to the torsional vibrations
of the Si-O-Si groups, which also confirmed the presence of BG. The FT-IR spectra of
the all samples immersed in SBF for seven days showed a doublet at 604 and 564 cm−1.
These could be attributed to the vibrations of [PO4] units corresponding to crystalline
HCA (Figure 5) [36]. In addition to the phosphate bands, a new band at 870 cm−1 was
observed that could be ascribed to carbonate ions indicating the formation of a carbonate
apatite phase.

SEM images (Figure 6) confirmed that the BG had a porous structure before immersion
in SBF. It was also ascertained that samples having a cauliflower-like structure showed
good bioactivity. These structures confirmed the formation of the HCA layer on the surface
of the BG composites.

The plasmon resonance band of AgNPs (≈357 nm) and gold nanoparticles (≈525 nm)
could be identified in the UV–Vis spectra (Figure 7A) of the BG composites before im-
mersion in SBF. The plasmon resonance band of AgNPs (located at ≈394 nm) could also
be identified in the BG-AuNCs composites. In these composites, a low amount of re-
maining silver was observed because their synthesis involves the addition of AgNPs as
well. Ag+ ions, with a signal around 260 nm, were visible only in the BG-AuNCs and
BG-AgI+AuNCs. The similarity of these two samples was due to the fact that in both
cases, AuNCs were added into the BG structure. As described before, the Ag+ ions could
originate from the silver that remained after the synthesis of AuNCs. The presence of Ag+

ions could not be observed in the XRD patterns either because their amount was low or
they were present in the amorphous phase. UV–Vis absorption bands around 290 and
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250 nm of the BG samples’ spectra appeared to be due to the presence of Si-O-(Si, Ca) and
P-O-(P, Ca) groups, respectively [37].

After immersion in SBF for 7 days, the surface plasmon resonance of gold nanoparticles
(at ≈414 nm and ≈ 425 nm) and the absorption band of Ag+ ions (at around 260 nm) were
detected (Figure 7B). In addition, a band associated with the presence of AgCl was observed
at 369 nm. The surface plasmon resonance signal was observed for the sample containing
AuNCs. However, most probably these bands originated from the AgNPs that remained in
the system during the galvanic replacement of AuNCs. For the AgI-containing samples, an
additional plasmon resonance band correspond to AgNPs could be detected, presumably
due to the transformation of AgI.

XPS measurements were also carried out to analyze the chemical state of the samples’
surfaces and to provide the presence of the HCA layer. The proof for the formation of a
HCA layer was that the atomic percentage of Si decreased after the immersion into SBF
(Table 3). Another proof was the increase in the atomic percentages of Ca and P (Table 3).
It is known that XPS measurements can only provide information from the surface of a
sample (≈10 nm). Thus, based on the decreasing amount of Si, and the increase in Ca and
P amounts, the HCA layer was formed on the surface of the composites [24]. The obtained
Ca/P ratio suggested that the surface layer contained carbonates and non-stoichiometric
components (decreasing from 2.3 to 1.33) [38].

Materials 2022, 15, x FOR PEER REVIEW 10 of 18 
 

 

 
Figure 5. FT-IR spectra of the BG, BG-AgI, BG-AgIAu, BG-AgI+AuNCs, and BG-AuNCs samples 
before (0 days) and after (7 days) immersion in SBF. 

SEM images (Figure 6) confirmed that the BG had a porous structure before immer-
sion in SBF. It was also ascertained that samples having a cauliflower-like structure 
showed good bioactivity. These structures confirmed the formation of the HCA layer on 
the surface of the BG composites. 

1800 1600 1400 1200 1000 800 600 400

 BG
 BG-AgI
 BG-AgIAu
 BG-AgI+AuNCs
 BG-AuNCs

P⎯O

  

Si⎯O⎯Si

  

PO3-
4H⎯O⎯H

CO2-
3

Si⎯O⎯NOB

Si⎯O⎯Si

Si⎯O⎯Si
Si⎯O⎯Si

CO2-
3

Wavenumber (cm-1)

A
bs

or
ba

nc
e 

(a
rb

. u
ni

t.)

SBF

7 days

0 days

Figure 5. FT-IR spectra of the BG, BG-AgI, BG-AgIAu, BG-AgI+AuNCs, and BG-AuNCs samples
before (0 days) and after (7 days) immersion in SBF.

127



Materials 2022, 15, 1655
Materials 2022, 15, x FOR PEER REVIEW 11 of 18 
 

 

 
Figure 6. SEM micrographs BG, BG-AgI, BG-AgIAu, BG-AgI+AuNCs, and BG-AuNCs before (0 
days) and after (7 days) immersion in SBF. 

The plasmon resonance band of AgNPs (≈357 nm) and gold nanoparticles (≈525 nm) 
could be identified in the UV–Vis spectra (Figure 7a) of the BG composites before immer-
sion in SBF. The plasmon resonance band of AgNPs (located at ≈394 nm) could also be 
identified in the BG-AuNCs composites. In these composites, a low amount of remaining 
silver was observed because their synthesis involves the addition of AgNPs as well. Ag+ 
ions, with a signal around 260 nm, were visible only in the BG-AuNCs and BG-
AgI+AuNCs. The similarity of these two samples was due to the fact that in both cases, 
AuNCs were added into the BG structure. As described before, the Ag+ ions could origi-
nate from the silver that remained after the synthesis of AuNCs. The presence of Ag+ ions 
could not be observed in the XRD patterns either because their amount was low or they 

Figure 6. SEM micrographs BG, BG-AgI, BG-AgIAu, BG-AgI+AuNCs, and BG-AuNCs before
(0 days) and after (7 days) immersion in SBF.

128



Materials 2022, 15, 1655

Materials 2022, 15, x FOR PEER REVIEW 12 of 18 
 

 

were present in the amorphous phase. UV–Vis absorption bands around 290 and 250 nm 
of the BG samples’ spectra appeared to be due to the presence of Si-O-(Si, Ca) and P-O-(P, 
Ca) groups, respectively [37]. 

After immersion in SBF for 7 days, the surface plasmon resonance of gold nanopar-
ticles (at ≈414 nm and ≈ 425 nm) and the absorption band of Ag+ ions (at around 260 nm) 
were detected (Figure 7b). In addition, a band associated with the presence of AgCl was 
observed at 369 nm. The surface plasmon resonance signal was observed for the sample 
containing AuNCs. However, most probably these bands originated from the AgNPs that 
remained in the system during the galvanic replacement of AuNCs. For the AgI-contain-
ing samples, an additional plasmon resonance band correspond to AgNPs could be de-
tected, presumably due to the transformation of AgI. 

 
Figure 7. UV–Vis spectra of BG composites: (a) before (0 days) and (b) after (7 days) immersion in 
SBF. 

XPS measurements were also carried out to analyze the chemical state of the samples’ 
surfaces and to provide the presence of the HCA layer. The proof for the formation of a 
HCA layer was that the atomic percentage of Si decreased after the immersion into SBF 
(Table 3). Another proof was the increase in the atomic percentages of Ca and P (Table 3). 
It is known that XPS measurements can only provide information from the surface of a 
sample (≈10 nm). Thus, based on the decreasing amount of Si, and the increase in Ca and 
P amounts, the HCA layer was formed on the surface of the composites [24]. The obtained 
Ca/P ratio suggested that the surface layer contained carbonates and non-stoichiometric 
components (decreasing from 2.3 to 1.33) [38].  

Table 3. Si, Ca, and P content of the heat-treated and immersed BG composites obtained from XPS 
measurements. For comparison, theoretical values were also calculated. 

Sample 
Elements (at%) ratio 

Si Ca P Ca/P 

BG 
Theoretical 20.00 10.66 5.33 2 

Heat-treated 21.1 9.6 7.7 1.24 
Immersed in SBF 16.4 11.8 9.4 1.25 

BG-AgI 
Theoretical 20.00 10.41 5.33 1.95 

Heat-treated 16.30 9.20 4.00 2.30 
Immersed in SBF 8.40 12.80 9.60 1.33 

BG-AgIAu 
Theoretical 20.00 10.36 5.33 1.94 

Heat-treated 15.67 8.50 2.90 2.93 
Immersed in SBF 2.30 16.30 11.70 1.39 

200 300 400 500 600 700 800

silicate matrix  BG
 BG-AgI
 BG-AgIAu
 BG-AgI+AuNCs
 BG-AuNCs

AuNPsAgNPs

AgNPs

 

A
bs

or
ba

nc
e (

ar
b.

 u
ni

t.)
 

Wavelenght (nm)

Ag+

0 days 7 days
SBF

BA
200 300 400 500 600 700 800

silicate matrix

 BG
 BG-AgI
 BG-AgIAu
 BG-AgI+AuNCs
 BG-AuNCs

AgNPs

AuNPsAgNPs

AgCl

Ag+

 

 

Wavelenght (nm)

A
bs

or
ba

nc
e 

(a
rb

. u
ni

t.)
 

Figure 7. UV–Vis spectra of BG composites: (A) before (0 days) and (B) after (7 days) immersion
in SBF.

Table 3. Si, Ca, and P content of the heat-treated and immersed BG composites obtained from XPS
measurements. For comparison, theoretical values were also calculated.

Sample
Elements (at%) Ratio

Si Ca P Ca/P

BG
Theoretical 20.00 10.66 5.33 2

Heat-treated 21.1 9.6 7.7 1.24
Immersed in SBF 16.4 11.8 9.4 1.25

BG-AgI
Theoretical 20.00 10.41 5.33 1.95

Heat-treated 16.30 9.20 4.00 2.30
Immersed in SBF 8.40 12.80 9.60 1.33

BG-AgIAu
Theoretical 20.00 10.36 5.33 1.94

Heat-treated 15.67 8.50 2.90 2.93
Immersed in SBF 2.30 16.30 11.70 1.39

BG-AgI+AuNCs
Theoretical 20.00 10.36 5.33 1.94

Heat-treated 20.46 10.40 4.40 2.36
Immersed in SBF 6.9 13.7 10.2 1.34

BG-AuNCs
Theoretical 20 10.61 5.33 1.99

Heat-treated 15.8 12.8 6.3 2.03
Immersed in SBF 3.9 15.8 12.1 1.31

High-resolution Ca2p and P2p spectra were also recorded (Figure 8), and the bind-
ing energy of 348 eV and 351.5 eV were attributed to Ca2p orbitals, while the one at
133 eV to P2p orbitals [24,38]. After immersion in SBF, both photoelectron peaks broadened
and their position changed: for Ca2p, it changed from ≈348 eV to ≈349.3 eV, and from
351.5 eV to 352.64 eV; while for P2p, it changed from ≈133 eV to ≈135 eV. The broadening
of the Ca2p peak could be due to the transformation of CaO into CaI2 and Ca(IO3)2 as was
proved in our previous study [24]. These transformations were not surprising since the
presence of AgNPs was confirmed based on the UV–Vis spectra (Figure 7). This meant that
the AgI in the BG transformed into AgNPs and other species of silver and into CaI2 and
CaIO3. Moreover, for the BG-AuNCs the degree of these broadenings was low and could
be attributed to the formation of the apatite layer (Figure 8).
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Figure 8. XPS core level spectra for Ca2p (A) and P2p (B) in BG composites.

3.3. Influence of Silver and Gold on Cell Viability and Antibacterial Activity

The toxicity of the silver content was evaluated via a cell viability assay following
the viability of HaCaT cells in contact with the BG samples for 24 h. First, it needs to be
mentioned that, independently of the BG composites used, and the different concentration
of glasses, all samples showed cell viability greater than 100% (Figure 9). Therefore, it could
be concluded that the composites were not cytotoxic.
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Figure 9. Viability of HaCaT cells in the presence of BG, BG-AgI, BG-AgIAu, BG-AgI+AuNCs, and
BG-AuNCs in different concentrations. * p < 0.05.

The next step of our research was to investigate the antibacterial character of the
samples using two different bacterial strains: S. aureus (gram-positive; Figure 10, self-
colored bar) and P. aeruginosa (gram-negative; Figure 10, bar with pattern). Since the gram-
negative bacterial strains had a thinner cell wall than that of S. aureus, the outstanding
antibacterial character of the samples was not surprising. BG-AgI showed the highest
antibacterial character, which could have originated from the transformation of AgI into
AgNPs, as confirmed by the UV–Vis spectra (Figure 7A). Reasonable antibacterial activity
was observed for BG-AuNCs, which could be due to the low amount of silver, as confirmed
by the UV–Vis spectra (Figure 7A). Composites of BG-AgIAu and BG-AgI+AuNCs showed
good antibacterial activity against P. aeruginosa. The composites, where the noble metal-
based particles were added consecutively (BG-AgI+AuNCs) showed a higher resistance to
S. aureus, from which it was concluded that this approach was best. The silver-free glass
sample has no antibacterial effect (data not shown).

Based on the results, we could conclude that the addition of Ag and Au enabled the
bioactive glasses with both antibacterial activity and with the ability to enhance the viability
of HaCaT cells. Furthermore, the best combination was obtained when silver and gold
content were consecutively added into the BG instead of creating a composite out of them
beforehand by mixing.
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Figure 10. Minimal inhibitory concentration (MIC) of S. aureus and P. aeruginosa using BG composites.
Gentamycin was used as a positive control obtaining MIC of 0.0024 mg·mL−1 for both bacteria.

4. Conclusions

Four different composites were prepared to investigate the synergistic effect between
bioactive glass composites and two noble metals. From these four samples two were synthe-
sized as reference materials: one containing only silver iodide and the other one containing
predominantly Au nanocages. Another two samples were fabricated that contained both
noble metals, either by adding them consecutively or as a AgIAu composite. In addition,
noble-metal-free bioactive glass was synthetized for comparison purposes. Based on mor-
phological and structural characterizations, bioactive glasses with amorphous structures
were successfully obtained independently of the noble metal or noble-metal composites
used. All composites presented excellent bioactivity and induced the proliferation of Ha-
CaT cells. Composites with silver content possessed good antibacterial activity against
the S. aureus and P. aeruginosa bacterial strains. The best results were achieved when silver
iodide and gold nanocages were added consecutively to the bioactive glasses, resulting in
versatile bioactive glasses.
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et al. Skin Wound Regeneration with Bioactive Glass-Gold Nanoparticles Ointment. Biomed. Mater. 2019, 14, 025011. [CrossRef]

12. Dreanca, A.; Muresan-Pop, M.; Taulescu, M.; Tóth, Z.R.; Bogdan, S.; Pestean, C.; Oren, S.; Toma, C.; Popescu, A.; Páll, E.; et al.
Bioactive Glass-Biopolymers gold Nanoparticle Based Composites for Tissue Engineering Applications. Mater. Sci. Eng. C 2021,
123, 112006. [CrossRef] [PubMed]

13. Pirii, L.E.; Friedrich, A.W.; Rossen, J.W.A.; Vogels, W.; Beerthuizen, G.I.J.M.; Nieuwenhuis, M.K.; Kooistra-Smid, A.M.D.; Bathoorn,
E. Extensive Colonization with Carbapenemase-Producing Microorganisms in Romanian Burn Patients: Infectious Consequences
from the Colectiv Fire Disaster. Eur. J. Clin. Microbiol. Infect. Dis. 2018, 37, 175–183. [CrossRef] [PubMed]

14. Huo, L.; Li, P. Metal Nanoparticles: Noble Metal Nanoparticles and Their Antimicrobial Properties; Wiley Online Library: Hoboken, NJ,
USA, 2018; Chapter 8, ISBN 9783527807093.

15. Yasuyuki, M.; Kunihiro, K.; Kurissery, S.; Kanavillil, N.; Sato, Y.; Kikuchi, Y. Antibacterial Properties of Nine Pure Metals: A
Laboratory Study Using Staphylococcus Aureus and Escherichia Coli. Biofouling 2010, 26, 851–858. [CrossRef] [PubMed]

16. Fadeeva, I.V.; Goldberg, M.A.; Preobrazhensky, I.I.; Mamin, G.V.; Davidova, G.A.; Agafonova, N.V.; Fosca, M.; Russo, F.; Barinov,
S.M.; Cavalu, S.; et al. Improved cytocompatibility and antibacterial properties of zinc-substituted brushite bone cement based on
β-tricalcium phosphate. J. Mater. Sci. Mater. Med. 2021, 32, 99. [CrossRef]

17. Bellantone, M.; Hench, L.L. Bioactive Behaviour of Sol-Gel Derived Antibacterial Bioactive Glass. Key Eng. Mater. 2001, 192–195,
617–620. [CrossRef]

18. Rivadeneira, J.; Gorustovich, A. Bioactive Glasses as Delivery Systems for Antimicrobial Agents. J. Appl. Microbiol. 2017, 122,
1424–1437. [CrossRef]

19. Zheng, K.; Balasubramanian, P.; Paterson, T.E.; Stein, R.; MacNeil, S.; Fiorilli, S.; Vitale-Brovarone, C.; Shepherd, J.; Boccaccini,
A.R. Ag Modified Mesoporous Bioactive Glass Nanoparticles for Enhanced Antibacterial Activity in 3D Infected Skin Model.
Mater. Sci. Eng. C 2019, 103, 109764. [CrossRef]

20. Magyari, K.; Stefan, R.; Vodnar, D.C.; Vulpoi, A.; Baia, L. The Silver Influence on the Structure and Antibacterial Properties of the
Bioactive 10B2O3- 30Na2O-60P2O 2 Glass. J. Non-Cryst. Solids 2014, 402, 182–186. [CrossRef]

21. Vulpoi, A.; Simon, V.; Ylänen, H.; Simon, S. Development and in Vitro Assessment of Bioactive Glass/Polymer Nanostructured
Composites with Silver. J. Compos. Mater. 2014, 48, 63–70. [CrossRef]

22. Thiyagarajan, K.; Bharti, V.K.; Tyagi, S.; Tyagi, P.K.; Ahuja, A.; Kumar, K.; Raj, T.; Kumar, B. Synthesis of Non-Toxic, Biocompatible,
and Colloidal Stable Silver Nanoparticle Using Egg-White Protein as Capping and Reducing Agents for Sustainable Antibacterial
Application. RSC Adv. 2018, 8, 23213–23229. [CrossRef]

23. Levard, C.; Mitra, S.; Yang, T.; Jew, A.D.; Badireddy, A.R.; Lowry, G.V.; Brown, G.E. Effect of Chloride on the Dissolution Rate of
Silver Nanoparticles and Toxicity to E. Coli. Environ. Sci. Technol. 2013, 47, 5738–5745. [CrossRef] [PubMed]

24. Feraru, A.; Tóth, Z.R.; Magyari, K.; Pap, Z.; Todea, M.; Mures, an-Pop, M.; Vodnar, D.C.; Licarete, E.; Hernadi, K.; Baia, L.
Composites Based on Silicate Bioactive Glasses and Silver Iodide Microcrystals for Tissue Engineering Applications. J. Non-Cryst.
Solids 2020, 547, 120293. [CrossRef]

25. Sun, Y.; Xia, Y. Mechanistic Study on the Replacement Reaction between Silver Nanostructures and Chloroauric Acid in Aqueous
Medium. J. Am. Chem. Soc. 2004, 126, 3892–3901. [CrossRef] [PubMed]

133



Materials 2022, 15, 1655

26. Tóth, Z.R.; Kovács, G.; Hernádi, K.; Baia, L.; Pap, Z. The Investigation of the Photocatalytic Efficiency of Spherical Gold
Nanocages/TiO2 and Silver Nanospheres/TiO2 Composites. Sep. Purif. Technol. 2017, 183, 216–225. [CrossRef]

27. Magyari, K.; Tóth, Z.R.; Pap, Z.; Licarete, E.; Vodnar, D.C.; Todea, M.; Gyulavári, T.; Hernadi, K.; Baia, L. Insights into the Effect
of Gold Nanospheres, Nanotriangles and Spherical Nanocages on the Structural, Morphological and Biological Properties of
Bioactive Glasses. J. Non-Cryst. Solids 2019, 522, 119552. [CrossRef]

28. Magyari, K.; Baia, L.; Vulpoi, A.; Simon, S.; Popescu, O.; Simon, V. Bioactivity Evolution of the Surface Functionalized Bioactive
Glasses. J. Biomed. Mater. Res. Part B Appl. Biomater. 2015, 103, 261–272. [CrossRef] [PubMed]

29. Weinstein, M.P. Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically; National Commit-
tee for Clinical Laboratory Standards, Ed.; National Committee for Clinical Laboratory Standards: Wayne, PA, USA, 2018;
ISBN 978-1-56238.

30. Ruparelia, J.P.; Chatterjee, A.K.; Duttagupta, S.P.; Mukherji, S. Strain Specificity in Antimicrobial Activity of Silver and Copper
Nanoparticles. Acta Biomater. 2008, 4, 707–716. [CrossRef]

31. Yu, H.; Huang, B.; Wang, H.; Yuan, X.; Jiang, L.; Wu, Z.; Zhang, J.; Zeng, G. Facile Construction of Novel Direct Solid-State
Z-Scheme AgI/BiOBr Photocatalysts for Highly Effective Removal of Ciprofloxacin under Visible Light Exposure: Mineralization
Efficiency and Mechanisms. J. Colloid Interface Sci. 2018, 522, 82–94. [CrossRef]

32. Berry, C.R. Structure and Optical Absorytion of AgI Microcrystals. Phys. Rev. 1967, 161, 848. [CrossRef]
33. Mozafari, M.; Banijamali, S.; Baino, F.; Kargozar, S.; Hill, R.G. Calcium Carbonate: Adored and Ignored in Bioactivity Assessment.

Acta Biomater. 2019, 91, 35–47. [CrossRef]
34. Feraru, A.; Tóth, Z.R.; Debreczeni, D.; Todea, M.; Popescu, R.A.; Gyulavari, T.; Sesarman, A.; Negrea, G.; Vodnar, D.C.; Hernadi,

K.; et al. Influence of different silver species on the structure of bioactive silicate glasses. J. Non-Cryst. Solids 2022, 583, 121498.
[CrossRef]

35. Aguiar, H.; Serra, J.; González, P.; León, B. Structural Study of Sol-Gel Silicate Glasses by IR and Raman Spectroscopies. J.
Non-Cryst. Solids 2009, 355, 475–480. [CrossRef]

36. Gayathri, B.; Muthukumarasamy, N.; Velauthapillai, D.; Santhosh, S.B.; Asokan, V. Magnesium Incorporated Hydroxyapatite
Nanoparticles: Preparation, Characterization, Antibacterial and Larvicidal Activity. Arab. J. Chem. 2018, 11, 645–654. [CrossRef]

37. Nicolini, V.; Varini, E.; Malavasi, G.; Menabue, L.; Menziani, M.C.; Lusvardi, G.; Pedone, A.; Benedetti, F.; Luches, P. The effect
of composition on structural, thermal, redox and bioactive properties of Ce-containing glasses. Mater. Des. 2016, 97, 73–85.
[CrossRef]

38. Santos, J.D.; Jha, L.J.; Monteiro, F.J. In Vitro Calcium Phosphate Formation on SiO2-Na20-CaO-P205 Glass Reinforced Hydroxyap-
atite Composite: A Study by XPS Analysis. J. Mater. Sci. Mater. Med. 1996, 7, 181–185. [CrossRef]

134



Citation: Bhattacharya, T.; Soares,

G.A.B.e.; Chopra, H.; Rahman, M.M.;

Hasan, Z.; Swain, S.S.; Cavalu, S.

Applications of Phyto-Nanotechnology

for the Treatment of Neurodegenerative

Disorders. Materials 2022, 15, 804.

https://doi.org/10.3390/ma15030804

Academic Editor: Alina Maria

Holban

Received: 18 December 2021

Accepted: 18 January 2022

Published: 21 January 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/).

materials

Review

Applications of Phyto-Nanotechnology for the Treatment of
Neurodegenerative Disorders
Tanima Bhattacharya 1,2,*,†, Giselle Amanda Borges e Soares 3,†, Hitesh Chopra 4 , Md. Mominur Rahman 5 ,
Ziaul Hasan 6 , Shasank S. Swain 7 and Simona Cavalu 8,*

1 Innovation, Incubation & Industry (i-cube) Laboratory, Techno India NJR Institute of Technology,
Udaipur 313003, India

2 Department of Science & Engineering, Novel Global Community Educational Foundation,
Hebersham, NSW 2770, Australia

3 Department of Medicinal and Biological Chemistry, University of Toledo, 3000 Arlington Ave.,
Toledo, OH 43614, USA; giselleamanda.borgesesoares@rockets.utoledo.edu

4 Department Pharmacology, Chitkara College of Pharmacy, Chitkara University, Punjab 140401, India;
chopraontheride@gmail.com

5 Department of Pharmacy, Faculty of Allied Health Sciences, Daffodil International University,
Dhaka 1207, Bangladesh; mominur.ph@gmail.com

6 Department of Biosciences & Centre for Interdisciplinary Research in Basic Sciences, Jamia Millia Islamia,
Jamia Nagar, New Delhi 110025, India; zhasan.biochem@gmail.com

7 Division of Microbiology and NCDs, ICMR-Regional Medical Research Center, Chandrasekharpur,
Bhubaneshwar 751023, India; swain.shasanksekhar86@gmail.com

8 Faculty of Medicine and Pharmacy, University of Oradea, 410087 Oradea, Romania
* Correspondence: btanima1987@gmail.com (T.B.); simona.cavalu@gmail.com (S.C.)
† These authors contributed equally to this work.

Abstract: The strategies involved in the development of therapeutics for neurodegenerative disorders
are very complex and challenging due to the existence of the blood-brain barrier (BBB), a closely
spaced network of blood vessels and endothelial cells that functions to prevent the entry of unwanted
substances in the brain. The emergence and advancement of nanotechnology shows favourable prospects
to overcome this phenomenon. Engineered nanoparticles conjugated with drug moieties and imaging
agents that have dimensions between 1 and 100 nm could potentially be used to ensure enhanced
efficacy, cellular uptake, specific transport, and delivery of specific molecules to the brain, owing to
their modified physico-chemical features. The conjugates of nanoparticles and medicinal plants, or their
components known as nano phytomedicine, have been gaining significance lately in the development of
novel neuro-therapeutics owing to their natural abundance, promising targeted delivery to the brain,
and lesser potential to show adverse effects. In the present review, the promising application, and recent
trends of combined nanotechnology and phytomedicine for the treatment of neurological disorders (ND)
as compared to conventional therapies, have been addressed. Nanotechnology-based efforts performed
in bioinformatics for early diagnosis as well as futuristic precision medicine in ND have also been
discussed in the context of computational approach.

Keywords: nanomedicine; nanoparticles; phytomedicine; bioinformatics; neurodegenerative diseases

1. Introduction

Nanotechnological advancements in neurological science are projected to have a sig-
nificant effect on the development of novel therapeutical strategies. The capability to
produce nanoparticles in the same size domain as proteins has led to a wide range of appli-
cations in the biomedical field, as they can invigorate, respond to, and affect target cells
and tissues to ensure the desired physiological reactions while diminishing undesirable
results. In addition, nanotechnology can permit a more exact and ideal control of complex
natural frameworks than customary pharmacological methodologies can, for example, the
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blood-mind obstruction (BBB). “Neurodegenerative diseases” (NDs) refers to a gathering
of discontinuous or potentially familial conditions portrayed by the deficiency of neuronal
subtypes over a long period. Alzheimer’s disease (AD) and Parkinson’s disease (PD) are
amongst the most decimating illnesses of the twenty-first century [1–6].

Around 24 million individuals overall experience the ill-effects of dementia, with
Alzheimer’s sickness representing 60% of cases [7]. Learning and memory issues occur in
Alzheimer’s patients. Net cerebral decay, which demonstrates the deficiency of neurons
and the presence of various neuronal extracellular plaques and intracellular neurofibrillary
tangles, has been found in post-mortem examinations of human brain tissue, fundamentally
in the front-facing and transient flaps, including the hippocampus [8]. Notwithstanding,
although the pathophysiology of AD is known, the reason for which it occurs, and its
trigger, is unknown. As a result, AD treatment is only based on symptomatic treatment
of the disease. The degeneration of nigrostriatal dopaminergic neurons in the midbrain
causes extreme side effects including hypokinesia, bradykinesia, unbending nature, and
a resting quake [9].

Although Parkinson’s disease (PD) is the second most prevalent chronic and progres-
sive non-degenerative illness (ND), it has an enormous social and economic effect on the
great majority of people affected by it [10]. The ventral tegmental region and the substantia
nigra of the brain produce less dopamine (DA) when dopamine neurons degenerate over
time. Patients with Parkinson’s disease (PD) may have a wide range of symptoms including
stiffness, tremor, and slowness of movement. In certain cases, it may be difficult to tell
the difference between Parkinson’s disease and other conditions that have many of the
same symptoms. As a result, the word “Parkinsonism” has come to describe a wide range
of neurological conditions. Symptoms of Parkinsonism fall into two categories: primary
and secondary. Idiopathic Parkinsonism, the most common kind of primary Parkinsonism,
has no recognised aetiology. A variety of conditions may lead to secondary Parkinsonism,
including progressive supranuclear palsy, multiple system atrophy, and others, the most
frequent of which is drug-induced Parkinsonism following cerebrovascular illness. Vascu-
lar Parkinsonism is a distinct clinical entity that falls under the umbrella of Parkinsonism,
although it has a variable natural history and a wide range of clinical manifestations. In
addition, there is strong evidence for inclusion of clock genes in PD [10].

Dopamine agonists, such as levodopa, are currently utilized as first-line treatment
for PD. However, as the disease advances, patients become less receptive to levodopa and
disease progression continues. Profound mind incitement and foetal dopamine neuron
transplantation have been examined as options in contrast to pharmacological consider-
ation [11,12]. These medicines are currently suggestive, and do not appear to have the
option to stop or counteract the progressing consumption of dopaminergic neurons [13–15].
Medication conveyance to the cerebrum remains a significant test in the treatment of AD
and PD. The rise of new, useful treatment modalities for the treatment of NDs is an in-
triguing issue of examination at the present time [16]. Considering the various defensive
hindrances that encompass the CNS, the development of effective therapeutics to treat
patients with NDs is of crucial significance.

There are microvascular endothelial cells that line the cerebral capillaries of most mam-
mals and other species with a well-developed CNS, which the BBB is composed of. Based
on an average microvessel surface area of 150–200 cm2 per g of tissue, it is anticipated that
a normal adult has a total surface area of 12–18 m2 [4]. The BBB serves as a barrier between
the bloodstream and the central nervous system, protecting the brain’s parenchyma from
exposure to potentially harmful substances carried by the bloodstream. Specialized ion
channels and transporters combine in the BBB to keep the ionic composition optimal for
neuronal and synaptic signalling processes. Potassium concentrations in the CSF and ISF,
for example, are 2.5–2.9 mM. The plasma potassium concentration is 4.5 mM, regardless
of whether the fluctuations are induced by illness or imposed artificially. Calcium, mag-
nesium, and pH are all controlled by the BBB [17]. Neuronal excitability and macrophage
movement across the BBB are regulated by calcium and potassium homeostasis [18].
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The BBB’s limitation and the medication discharge energy that trigger fringe results
are two significant realities about neurotherapeutics. Despite the prevalent attitude, it is
presently realized that NDs can be multisystemic in nature, which represents different
difficulties for future consideration. A course of a few harmful atomic and cell occasions,
instead of a solitary pathogenic factor, causes the demise of specific kinds of neurons in NDs.
Accordingly, nanotechnology can offer an expected answer for a significant number of these
difficulties in the treatment of AD and PD by considering specific medication conveyance
and improving the bioavailability as well as the viability of different medications and other
bioactive specialists utilized in NDs [19].

2. Materials and Methods

Relevant studies pertaining to the applications of nanotechnology for CNS-based
disorders were selected through algorithm application according to the recommendations
of Page et al. [20,21]. Literature search was performed based on several scientific databases
such as Google Scholar (http://www.scholar.google.co.in) (accessed on 10 November
2021), PubMed (http://www.ncbi.nlm.nih.gov/pubmed) (accessed on 10 November 2021),
Elsevier (https://www.elsevier.com/en-in), ScienceDirect (http://www.sciencedirect.com)
(accessed on 10 November 2021), Springer (http://www.springer.co.in) (accessed on 10
November 2021), and Scopus (http://www.scopus.com) (accessed on 10 November 2021).
Only publications that had the full text available and book chapters restricted to the English
language were reviewed, and figures were created using Biorender.com. (accessed on 10
November 2021).

3. Real Problem of Neurodegenerative Disease

Numerous neurodegenerative sicknesses such as AD, PD, Huntington’s disease, and
amyotrophic horizontal sclerosis (ALS), are connected to ageing. These neurodegenerative
infections are critical social issues in numerous nations as the populace ages. The collection
of misfolded and totalled proteins in the mind is an ordinary neurotic aggregate in these
illnesses, as is shown in Figure 1. A developing assortment of proof demonstrates that
poisonous protein conglomeration and neurodegenerative infections are connected. Reve-
latory endeavours for sickness-changing therapeutics have lately significantly expanded,
because of a more noteworthy comprehension of the pathogenesis of these infections [22].
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Neurodegenerative diseases are now the most common and debilitating illnesses
afflicting humans. They have recently surpassed cancer, myocardial infraction (cardio-
vascular disorders), and stroke as the fourth leading cause of death. Neurodegenerative
disorders disrupt a person’s reasoning, skilled gestures, emotions, cognitive actions, and
memory, causing short- and long-term disabilities.

4. Role of Nanotechnology in Neurodegenerative Disorders

Neurodegenerative disorders are a collection of neurological illnesses that damage the
brain or spinal cord’s neuronal structure and function. Because of the ageing population
and the increasing prevalence of CNS disorders including Alzheimer’s, Parkinson’s, and
strokes, the healthcare industry is faced with a tremendous issue. Early identification and
treatment of CNS illnesses are still difficult despite advancements in our knowledge of their
pathophysiology, and current medications are focused mostly on treating their symptoms.
Due to unsatisfactory pharmacokinetics and unspecific targeting of new medications (such
as proteins and peptides) that have been developed, many of these new treatments may
not succeed because they may raise the risk of side effects. Biological barriers, such as the
blood-brain barrier (BBB), are at the root of these difficulties. As a barrier between the
CNS and peripheral circulation, it blocks the transfer of most chemicals from the blood
to the brain [23]. In order to prevent chemicals, ions, and cells from crossing from the
bloodstream into the central nervous system, BBB is made up of endothelial cells, astrocyte
end-feet, and pericytes. The five primary ways by which chemicals traverse the BBB
are diffusive transcellular lipoid bilayer membrane transport; transport carriers; specific
receptor-mediated endocytosis and transcytosis; adsorptive transcytosis; and paracellular-
tight junction transport. Toxins, infections, and inflammation are all prevented, and the
CNS’s homeostasis is maintained, due to the presence of BBB [24]. Drug transport to
the central nervous system (CNS) was further hindered by the BBB’s restrictive character.
Furthermore, BBB malfunction has been reported in the majority of CNS illnesses, including
Alzheimer’s, Parkinson’s, and strokes. Although it is unclear whether BBB failure is the
primary cause of illness development, alterations in the transport system and enzymes are
a significant contributor and exacerbator [24]. In CNS illnesses, the BBB impairment has
major consequences for therapy. CNS illness patients may benefit from having an intact
blood-brain barrier (BBB). In light of the fact that BBB malfunction plays a critical role in
developing illness, this will undoubtedly be a divisive approach.

Nanotechnology, on the other hand, has advanced quickly in recent years and may offer
significant benefits for the detection and treatment of CNS illnesses. Control or manipulation
of nanometre-scale (one billionth of a metre) designed materials or devices is what is meant by
the term “nanotechnology” [25]. Due to changes in the arrangement and spacing of surface
atoms and molecules, nanomaterials exhibit markedly different characteristics than their
macroscale counterparts [26].

There are several applications for biomarker discovery, treatments, and theranostics us-
ing nanomaterial-based technologies. To begin with, nanomaterials that have been changed
may be utilised to identify and treat damaged cells and tissues at the molecular level. When
a surface that has been modified with unique molecules, nanoengineered materials may
also maintain medication release, boost bioavailability, distribute numerous agents, and
preserve substances from degradation. Surface functionalization of nanomaterials may
be used to target and infiltrate the BBB while also lengthening the nanomaterial’s blood
half-life. For CNS illness diagnosis and treatment, nanomaterials are at the top of the list
because of their unique features.

There are many promising advantages to be gained from using nanoparticles in the
medical field, such as a high drug-loading capacity, which reduces the risk of chemical
interactions or toxicity; a high surface area-to-volume ratio, which makes it easier to
administer parenterally; the ability to use active and passive drug-targeting strategies;
and sustained and continuous dosing options. Nanoparticle size, targeting properties,
lipid, or water solubility and their respective hydrophobicity or hydrophilicity, chemical
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and physical stability, surface charge, and permeability, biodegradability, biocompatibility,
cytotoxicity, drug release profile and antigenicity of the final product all play a role in the
selection of the nanoparticle manufacturing materials.

NPs may be used for brain medication delivery because of their multifunctional and
adaptable architectures. However, several factors must be considered before they may be
used, including surface chemistry, hydrophobicity, shape, size, and charge, to name a few.
Biocompatibility, decreased toxicity, and the capacity to bind and transport medications or
therapies are all desirable features of an ideal NP. As long as it does not degrade quickly
in vivo, it can pass across the BBB and regulate the release of medicines for extended periods
of time. All of these characteristics result in NPs that are very effective at penetrating the
BBB [27]. An investigation into site-specific drug delivery has resulted in a non-invasive
distribution of the given dosage to specified areas, allowing for a precise and concentrated
administration of the therapeutic dose at the site of the pharmacological activity. There are
now non-invasive approaches, such as intranasal administration using drug modification
to increase BBB permeability [28] as well as invasive ones, such as intraventricular or
intracerebral injection or implantation, and infusion [29]. Disruption may also be effective
in certain cases to cross the BBB [30]. The rupture of the BBB is often employed to improve
the efficiency of medication transport to the brain. Mannitol, for example, is used to open
the BBB to treat some CNS malignancies, and ultrasound is used to create temporary holes
in the BBB [31]. Small therapeutic compounds (less than 1000 Da) have recently been
shown to be able to pass across the BBB in Alzheimer’s disease (AD) and multiple sclerosis
(MS) [32]. Physical and chemical features of NPs determine their path across the BBB and
the methods by which they may cross it [33]. It is possible for NPs to penetrate the BBB
and distribute medications in the sick brain when they are functionalized with a suitable
ligand [34,35]. Endothelial cells may be crossed via transcytosis, allowing medications
or drug-conjugated NPs to enter the central nervous system [36]; endothelial cells can be
entered by endocytosis, allowing pharmaceuticals to cross the blood-brain barrier [37].
Researchers in neuropharmaceuticals are working to understand the processes of receptor-
mediated and adsorptive transcytosis, as well as all the inherent physicochemical features
of neuropharmeuticals. As a result, this might lead to new therapies that are more effective
in crossing the blood-brain barrier (BBB) [38].

4.1. Techniques for Preparation of Nanoparticles and Nanocapsules
4.1.1. Nanoprecipitation

Colloidal drug delivery devices may be integrated with active substances using the
nanoprecipitation technique pioneered by Fessi et al. [39]. Some of the benefits of the
generated nanoparticles include controlled release, targeted distribution, and better stability
in biological fluids. As a result, you may expect minimal toxicity and moderate side effects.
Preparing nanoparticles by nanoprecipitation requires a good solvent (usually an organic
solvent such as ethanol, isopropanol, or acetone), whereas the particle is created using a non-
solvent (such as water). Nanoprecipitation relies on both an organic and non-solvent phase,
often referred to as aqueous phase, to guarantee that all initial components are completely
soluble. The organic phase might include a low HLB surfactant and active compounds
dissolved in an organic solvent or a mixture of organic solvents. The solubility of the active
molecule in the solvent is one of the factors limiting the amount of medicine that can be
loaded onto the particle. Particle formation and physical stability are made easier in the
non-solvent phase by water-soluble stabilizing compounds [40]. There have been reports
of particles devoid of stabilizing compounds. The amphiphilic nature of isoprenoid chains
allows them to be linked to the active molecule in this situation. Nanoparticles form when
the organic component is abruptly dumped or mixed with the aqueous phase. Particle size
and polydispersity index are unaffected by nanoprecipitation, which is a reliable process.
Instead, it seems that the features of the nanosized system are determined by parameters
connected with the formulation used [40]. This might be linked to the procedures proposed
for the production of nanoprecipitation particles. Nano and submicron particles can only

139



Materials 2022, 15, 804

be formed when particular polymer/solvent/nonsolvent ratios are used. As a consequence
of the Gibbs–Marangoni effect (interfacial turbulence and thermal inequalities produced by
mutual miscibility of the solvent and non-solvent and their varying interfacial tensions),
mechanical mixing breaks down the organic phase into drops inside the aqueous phase [41].
Submicron-sized droplets of organic solvent diffuse away, causing the material that causes
particle precipitation to become insoluble. It has also been suggested that the “ouzo
effect”, which relies on the system’s chemical instability, might be a mechanism. In this
situation, when aqueous and organic phases are joined, particle-forming molecules are
supersaturated, allowing for the generation of “protoparticles” that follow the classic
nucleation-and-growth process. Work circumstances must be created in order to enable
the spontaneous generation of submicron or nanoscale particle sizes with the lowest
polydispersity indices. As nanoprecipitation is difficult to standardize, polymer aggregation
results in a wide and asymmetric particle size ranges. Low stabilizing agent concentrations
and poor phase mixing are two obvious signs of polymer aggregates: a concentrated
organic phase and a high organic phase ratio [40,42].

4.1.2. Emulsification-Diffusion Method

So-called spontaneous emulsion diffusion describes a method for making biodegradable
nanoparticles by dissolving a polymer in a mixture of water-immiscible and water-miscible
solvents (such as dichloromethane) [43]. The quick dissolving of the miscible solvent causes
the formation of a nanoemulsion when this solution is introduced to water. Immiscible liquid
evaporates, forming nanoparticles. Nanoemulsions may be created by turbulence produced
during solvent displacement, and there is no actual diffusion stage in the process of creating
them. Solvent displacement and solvent evaporation are combined in this procedure, making
it a hybrid. Due to the use of solely miscible solvents, the modified spontaneous emulsification
solvent technique is obviously a method of solvent displacement [44].

The technique used to produce diffusion is a key variable in the emulsion diffusion
approach. Because dilution water is added, low-solids dispersions are formed. So, armed
with this information, it was suggested that the solvent (with a low boiling point) from the
internal phase be extracted and then distilled directly into the exterior phase [45]. Due to the
saturation of the continuous aqueous phase, its rapid displacement will prompt a free flux of
the solvent globules to generate an anti-solvent medium, where the material will aggregate
in the form of nanoparticles, in such a way that high solid concentrated dispersions (up to
30%) can be prepared from different materials such as polymers (e.g., poly(D,L-lactic acid),
poly(!-caprolactone), and other materials. By using an emulsification-diffusion method,
Yusuf et al. developed an emulsification solvent diffusion technique for coating with
PS80 that reduced SOD1 levels and immobility, while raising acetylcholinesterase levels
in Piperine-SLNs produced with Piperine. In addition, histological investigation revealed
decreased plaques and tangles [46].

4.1.3. Double Emulsion Technique

The most popular techniques for evaporating solvent from emulsions are the single-
and double-emulsion procedures. This process uses an organic phase that has been emulsi-
fied in an aqueous medium with surfactants or stabilisers before the solvent is evaporated to
create the NP [47]. Double emulsion solvent technique uses a three-phase process, which is
different from the single emulsion solvent method, which uses just two phases. Shear stress
during the homogenization process is the fundamental downside of these two methods,
which results in poor protein encapsulation effectiveness. The nanoprecipitation approach
may help overcome this issue. Dropwise addition to the aqueous media of the organic
solvent containing PLGA results in the fast diffusion of the miscible solvent, resulting in
the creation of the NPs layer-by-layer method [48].

Sukhorukov et al. devised the approach for the production of vesicular particles.
Adsorbed polymer layers may be applied to a colloidal template using either the polymer
solution and washing or the addition of a miscible solvent to reduce polymer solubility. Chi-
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tosan, heparin, polylysine, protamine sulfurate, gelatine, and dextran sulphate are examples
of common polymers that may have polyanionic or polycationic characteristics [49,50].

4.2. Green Method of Synthesis of Nanoparticles

Research and development in materials science and technology is entering a new phase
in which “green synthesis” methodologies and technologies are becoming more popular.
A major benefit to environmentally friendly synthesis of materials and nanomaterials will
be improved by regulation, control, clean-up, and remediation of the production process.

‘Green synthesis’ is necessary in order to prevent the generation of undesirable or
dangerous by-products via the development of dependable, long-lasting, and environmen-
tally friendly synthesis methods. In order to attain this purpose, it is critical to make use of
appropriate solvent systems and natural resources. The use of metallic nanoparticles in the
green synthesis of biological materials has been widely accepted (e.g., bacteria, fungi, algae,
and plant extracts). Using plant extracts to synthesise metal and metal oxide nanoparti-
cles is one of the more straightforward green synthesis techniques accessible, especially
when compared to bacteria- and fungus-mediated approaches. Biogenic nanoparticles are
a grouping of these compounds.

Various reaction factors, such as solvent, temperature, pressure, and pH conditions,
influence green synthesis methods based on biological precursors (acidic, basic, or neutral).
Many plant extracts, particularly those from leaves, include potent phytochemicals, such
as ketones, aldehydes, flavonoids, amides and terpenoids, carboxylic acids, phenols and
ascorbic acids, that may be used to synthesize metal and metal oxide nanoparticles [51,52].

5. Role of Phyto-Nanomedicine on Neurodegenerative Diseases Treatment

Neurodegenerative Diseases (ND) are basically disorders related to age and are pre-
vailing rapidly worldwide due to the increased elderly population in recent years. The
actual problem however is not the increasing prevalence but the lack of effective treatment.
As per published evidence from the past, NDs were discovered in the early 1900s, however,
presently, no effective treatments for these disorders are found in modern society. Integra-
tive medicine can sometimes delay the progression of these diseases or exhibit protective
effects. It is believed by scientists that with the development of integrative medicine and
modern science, the former will progressively take a more and more significant role in the
treatment of ND [52,53].

A series of synthetic drugs have shown positive results for the treatment of some
common NDs including Autism, PD, AD, and other chronic illnesses. The use of synthetic
drugs is associated with many side effects, which make them inappropriate for regular
treatment. Considering the adverse effects of these synthetic drugs, scientists have made
a soft turn towards the utilization of phytochemicals, as they have minimal side effects.
The antioxidative, anticholinesterase, anti-inflammatory, and anti-amyloid properties of
phytochemicals makes phytochemicals a promising therapeutic agent [54,55].

In consideration that current therapeutics seem to be inadequate treatment for the
above-mentioned disorders, scientists are exploring their options with plant-based drugs
using nanotechnological approaches. Nanotheranostics is one such approach which is
gaining wide attractions from the scientific community at a global level for the treatment of
ND. It uses nanoparticles for the simultaneous diagnosis as well as for treatment. Research
findings of Tripathi et al. [56] reveal that this treatment has been receiving significance in
the medical field because it is extremely aggressive and specifically targets the affected area.
Moreover, alterations with respect to type of disease and personalization based on the needs
of the patient can be met, which further increases the applicability of the approach [57].
A novel nanotheranostic system has been developed by chemical engineers, which uses
adjustable light that activates nanoparticles and opens new applicability in the field [58].

In the subsequent sections we will discuss in detail the various types of plant-based
medicines that are utilized in ND treatments along with the conventional approaches and
recent trends in the plant-derived nanomedicine discovered so far.
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5.1. Types of Phyto-Medicines Available for Treatment
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and pluripotent stem cells in vivo and in vitro in various parts of the brain in non-Swiss 
albino mouse models. It also possesses cytoprotective, anti-apoptotic, and anti-inflamma-
tory activities that also add on to its neuroprotective mechanism [79]. 
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Salvia officinalis belongs to the Lamiaceae family, and is well-known and reputed for 
improving memory, as it has been traditionally used as a memory enhancing agent. Car-
nosic acid and rosmarinic acid are the active ingredients found in S. officinalis. These com-
ponents are known to have potential pharmacological activity such as antioxidant and 
anti-inflammatory properties as well as a low AChE inhibitory effect. It inhibits ROS for-
mation, peroxidation of lipids, fragmentation of DNA, activation of caspase-3, and hyper-
phosphorylation of protein tau. Clinical evidence that has been obtained may help to pre-
vent or reduce the symptoms of dementia. A small pilot trial involving the oral admin-
istration of S. officinalis essential oil to 11 patients that possessed mild-to-moderate symp-
toms of AD improved cognitive function significantly [80]. 
 Terminalia chebula 

Terminalia chebula (T. chebula), also known as “King of Medicines” in Tibet, belongs 
to Combretaceae family. It has been widely used as traditional medicine in Ayurveda, 
Siddha, Unani, and Homeopathy. It contains compounds such as arjungenin, triterpene 
sarjunglucoside 1, and the tannins, chebulosides 1 and 2, chebulic acid, chebulinic acid, 
tannic acid, ellagic acid, 2,4-chebulyi–β-D-glucopyranose, gallic acid, ethyl gallate, puni-
calaginterflavin A, and terchebin. It also has presence of flavonoids such as rutins, luteo-
lin, and quercetin. A study reported that T. chebula exhibits anxiolytic activity and is equiv-
alent to standard drug diazepam. T. chebula has good pharmacological activities relevant 
to dementia therapy and possesses antioxidant activity comparable to radical scavengers 
such as quercetin, reflecting 95% activity, and showing an inhibitory concentration (IC50) 
value of 2.2 μg/mL. T. chebula fruit extract also shows protective effect neuronal cells 
against ischemia, reduces least production, and stimulates microglia cells death rate by 
lipopolysaccharide [81]. 
 Tinospora cordifolia 

Tinospora cordifolia (T. cordifolia) belongs to the Menispermaceae family, which is 
commonly known as giloe. Chemical constituents extracted from the plant are alkaloids, 
diterpenoid lactones, steroids, glycosides, and aliphatic acids. T. cordifolia holds a memory 
increasing property, which is due to immune-stimulation and increased synthesis of ace-
tylcholine. T. cordifolia exhibits the property of scavenging free radical activity against ROS 

Acorus calamus

Acorus calamus, also commonly referred to as sweet flag, belongs to the family
Acoraceae and acts as a nervous system rejuvenator and has beneficial effects on the
brain through memory enhancement, learning behaviour, and performance modification.
Acorus calamus consists of a majority of α-and β-asarone while β-asarone brings about the
suppression of beta-amyloid-induced neuronal apoptosis observed in the hippocampus
through the downregulation of Bcl-w and Bcl-2, which further causes the activation of
caspase-3 and phosphorylation of c-Jun N-terminal kinase (JNK). Apart from the above-
mentioned benefits parts, of Acorus calamus also showed an inhibitory result on AChE
with an IC50 value of 188 µg/mL. It has also shown positive results by improving the
dopaminergic nerve function, and thus acts as neuroprotective for PD [59].
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Allium sativum

Allium sativum, commonly known as garlic, belongs to the family Amaryllidaceae and
has been used since ancient times for its medicinal properties. It was used for cardiovascular
disease as well as for the prevention and treatment of other metabolic diseases such as
hyperlipidemia, atherosclerosis, thrombosis, dementia, hypertension, diabetes, and cancer.
S-allyl cysteine (SAC), one of the major constituents found in aged garlic extract (AGE), has
been extensively studied. SAC has indirect and direct antioxidant activity. Besides bringing
about a decrease in lipid peroxidation and DNA fragmentation, it also causes a reduction in
oxidation and nitration. In the Parkinsonian models, namely 1-methyl-4-phenyl pyridinium
(MPP) and 6-hydroxydopamine (6-OHDA), SAC causes a protection of dopamine levels,
prevents oxidative damage and causes peroxidation of lipids. [60].
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Bacopa monnieri

Bacopa monnieri (Linn), popularly called “Brahmi” (family Scrophulariaceae), is a herb
found in tropical countries such as India. Steroidal bacosides (A and B) and saponins are the
main active compounds present in Bacopa monnieri. These active compounds are responsible
for enhancing memory and learning. Other constituents include bacopa saponins F, E, and
D, flavonoids, phytosterols, and alkaloids. Superoxide SOD, CAT, GPx, and glutathione
reductase (GSR) activity is enhanced by Bacoside A. Therefore, the levels of glutathione in the
brain are upregulated significantly. Bacoside A inhibits lipid peroxidation by modifying the
activity of enzymes such as Hsp 70 and cytochrome P450 in the brain. It also improves the
activities of adenosine triphosphatases (ATPases), maintains ionic equilibrium, and restores
level of selenium and zinc in the brain. The reduction in aggregation of alpha-synuclein
protein by Bacopa monnieri was also found by researchers [61].
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Centella asiatica

Centella asiatica belonging to the Apiaceae (Umbelliferae) family and has been demon-
strated to possess a neuroprotective property. Since ancient times, it was part of the
Ayurvedic system as an alternative medicine for bringing about memory improvement.
Centella asiatica decreases Aβ deposition in the brain, exhibits potent antioxidant activ-
ity and can scavenge free radicals, causes a reduction in ferric ions, and brings about
a restoration of GSH levels through an upregulation of glutathione-S-transferase activity.
Chen et al. [62] carried out a study which suggested that Centella asiatica ethanolic ex-
tract causes the suppression of Aβ-induced neurotoxicity through the enhancement of the
antioxidative-based defence system in IMR32 and PC12 differentiated cells. Amelioration of
decrease in AChE activity due to colchicine-induction, neuronal damage through induction
of asiaticoside occurring through nitric oxide inhibition, also reflects the neuroprotective
effect of Centella asiatica [63].
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Curcuma longa

Turmeric, derived from the plant Curcuma longa, belonging to the Zingiberaceae
family, is a gold-coloured spice and has been used traditionally as medicine for a variety of
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diseases [64,65]. Curcumin, turmeric’s principal constituent, has several known neuropro-
tective actions. In patients afflicted with AD, studies have shown that curcumin potentially
binds to Aβ peptides, preventing aggregate formation of new amyloid deposits as well as
promoting the de-aggregation of the existing amyloid deposits. Analogues of curcumin,
namely desmethoxycurcumin and bis-desmethoxycurcumin, have also shown protective
ability against Aβ-induced oxidative stress. Moreover, curcumin causes the inhibition
of Aβ oligomerization and formation of fibril, causes a macrophage enhancement of Aβ
uptake, and inhibits the A beta-heme complex peroxidase activity. Other components of
turmeric such as curcuminoids and polyphenolic compounds attenuate mitochondrial
dysfunction, inflammatory response induction, and oxidative stress in the presence of
inflammatory cytokines such as iNOS and COX-2. Curcuminoids can also bind to Aβ
plaques, causing inhibition of amyloid accumulation and its aggregation in the brain [63].
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Celastrus paniculatus Wild

Celastrus paniculatus Wild, commonly called as Jyotishmati, belongs to the Celas-
traceae family. Traditionally, it was administered as a powerful appetite stimulant, brain
tonic, and emetic. Phytochemical studies show the presence of a sesquiterpene, evoninoate,
alkaloids paniculatine A and B, wifornine F celapagine, celapanine, celastrine, celapanigine,
polyalcohols such as malkanginnol, paniculate diolmalangunin, and malkanguniol, triter-
penoids, and sterols such as β-amyrin and β-sitosterol. Scientific studies suggested that
Celastrus paniculatus water extract modulated the glutamate receptor function that protects
neurons against toxicity produced by the glutamate and resulted in the improvement
in memory and learning. It also causes a noteworthy decrease in the MDA level in the
brain, which is an important marker of oxidative damage, with simultaneously signifi-
cantly increases in levels of glutathione and CAT; two endogenous antioxidants in the
brain [63]. Jakka et al. [66] investigated research that explained the neurotrophic potential in
Celastrus paniculata Wild whole plant methanolic extract (CPPME). A significant decrease
was also seen in AChE and enhanced neurotrophic activity, which ultimately improved
spatial memory formation in scopolamine-induced amnesia.
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Coriandrum sativum L

Coriandrum sativum L., also referred to as dhanya, belongs to the family Apiaceae [30].
The major phytochemicals present include flavonoids such as quercetin 3-glucoronide,
and polyphenolics such as protocatechinic acid, glycitin, and caffeic acid. In seeds, the
flavonoid content was reported at a concentration of 12.6 quercetin equivalents/kg and
the polyphenolic concentration was reported at 12.2 gallic acid equivalents/kg [67,68].
A study reported that the Coriandrum sativum extract caused an increase in total protein
concentration and enzyme levels of CAT, SOD, GSH, and reduced the size of cerebral
infarct, calcium levels, and lipid peroxidation (LPO) in the experimental rat. Scopolamine-
and diazepam-induced memory deficits were also decreased by Coriandrum sativum leaves.
The leaves also show an antioxidant property, having radical scavenging activity of DPPH
with lipoxygenase inhibition and phospholipid peroxidation inhibition activity, which
contribute to its memory enhancement effect [69].
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Galanthus nivalis

Galanthus nivalis, referred to commonly as snowdrop, belongs to the family Amarylli-
daceae. Galantamine is the major constituent found in the bulbs and flowers of Galanthus nivalis
and is a tertiary iso-quinoline alkaloid. The neuroprotective effect exerted by Galantamine is
associated with a dual action. The drug is a competitive and selective AChE inhibitor and can
stimulate nicotinic receptors, which further enhance cognition and memory [70].
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Ginkgo biloba

Gingko biloba belongs to the Ginkgoaceae family and is considered a ‘living fossil’. Its
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143



Materials 2022, 15, 804

C, J and M, and a sesquiterpene tri lactone-bilobalide. The extract exhibits neuroprotection
by several mechanisms such as membrane lipid peroxidation inhibition, anti-inflammatory
activity, as well as through direct inhibition of amyloid-b aggregation and anti-apoptotic
activities. The flavonoid fraction of Ginkgo biloba (G. biloba) extract has a free-radical scav-
enging property as well as anti-oxidative effects, while bilobalide has been associated with
a decrease in damage caused due to excitotoxicity and global brain ischemia-induced death of
neuronal cells. Extract of G. biloba in the brain significantly inhibits the AChE activity, which
indicates that the level of acetylcholine has increased considerably. Flavonoids alter several
biological processes through interaction with signalling pathways, effects on protein neuronal
expression, which is imperative for plasticity and repair of the synapse, variation in cerebral
blood flow, and neuropathological inhibition of processes in certain cortical regions. A study
by Dash SK presented that the G. biloba extract causes a decline in cortical Aβ levels through
a reduction in cholesterol levels as free and circulating cholesterols affect amyloid genesis [71].
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Glycyrrhiza glabra

Glycyrrhiza glabra, widely referred to as Yashti-madhuh or liquorice, belongs to the
Leguminosae family. Its major constituent is a flavonoid called Glabridin, which possesses
multiple pharmacological activities such as anticancer, antiviral, anti-ulcer antioxidant, anti-
diabetic, immunomodulatory activity, anti-inflammatory activity, antimicrobial activity, and
anticonvulsant activity. Liquorice significantly increased learning and memory, however,
research has indicated that its consumption improves general intelligence rather than
short-term memory. In the brain, glabridin decreases the MDA level, and increases the
superoxide dismutase level while reducing glutathione levels. A study suggested that
G. glabra administration restored the decreased concentration of dopamine and glutamate
in the brain and decreased activity of AChE [72].
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Hypericum perforatum

Hypericum perforatum is also known as millepertuis or hypericum. It belongs to the
family Hypericaceae. Although it is found worldwide, it is mainly native to Europe, north-
ern Africa, and western Asia. The main active component of H. perforatum is Hyperoside.
Hypericin, kaempferol, biapigenin, and quercetin comprise the other constituents. The ex-
tract of H. perforatum has been reported to behave as a protector against NADPH-dependent
(enzymatic) and Fe2+ and ascorbate-dependent (non-enzymatic) peroxidation of lipids in
the cortical region of the brain. The extract also protects brain cells from cytotoxicity
brought about by glutamate through the reduction of glutathione loss, overload of calcium,
and cell death mediated through ROS. The ethanolic extract of H. perforatum may also
bring about an improvement of microglial viability through the reduction of toxicity by
amyloid-beta in AD. Hypericum perforatum inhibits AChE and MDA formation in the brain
and increases the concentration of SOD, GPx and CAT. Therefore, H. perforatum also has the
capability to bind to iron ions, has scavenging activity for hydroxyl radicals, and behaves
as an antioxidant [73].
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Lycopodium serratum

Lycopodium is also referred to as ground pines or creeping cedar. It belongs to the
family Lycopodiaceae, which comprises a family of fern-allies. Its leaves contain a single,
unbranched vascular strand and are microphylls. The major constituent is huperzine A,
which is a potential therapeutic agent by researchers for treating AD. The alkaloid, which
has been isolated from Lycopodium serratum, has been used for treating inflammation,
fever, and blood disorders for many decades. It acts as a highly reversible, potent, and
selective inhibitor of AChE and is comparable to the potency observed by galantamine,
physostigmine, tacrine, and donepezil. Huperzine A is considered to be a strong candidate
for therapy in AD. It has been found that huperzine A causes a noteworthy upregulation
in AChE levels in rat brains and is associated with protective effects such as amyloid
precursor protein metabolism regulation, oxidative stress protection mediated by Aβ,
apoptosis, dysfunction of mitochondria, and anti-inflammation [74].
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Melissa officinalis

Melissa officinalis L. (Lamiaceae) leaves are commonly referred to as lemon balm and
have been used traditionally for spasmolytic and nerve calming effects. The leaves produce
a calming and soothing effect through interaction with the GABAA benzodiazepine receptor.
Its extracts contain flavonoids, namely quercitrin, apigenin, luteolin along with phenolic
acids. The derivatives of these products inhibit enzymes such as monoamine oxidases
(MAO) and AChE, which scavenge these free radicals and prevent apoptosis. Enzymatic
inhibition of the above-mentioned enzymes leads to alleviation of depression symptoms.
Research also suggests that Melissa officinalis produces protective effects in the PC12 cell
line and protects neurons from oxidative stress [75].
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Ocimum sanctum

Ocimum sanctum is commonly referred to as ‘Tulsi’ in Hindi and in English, ‘Holy
Basil’. It belongs to the Labiatae family. The plant is reported to contain glycosides, alkaloids,
saponins, tannins, vitamin C, citric acid, tartaric acid, and maleic acid. Research conducted by
Kusindarta et al. [76] indicated that an ethanolic extract derived from the leaves of Ocimum
sanctum may stimulate and restore choline acetyltransferase expression in human ageing
cerebral microvascular endothelial cells and could provide nerve protection and increased
production of Ach, which may enhance memory and cognitive ability. Scientific studies reveal
that the hydro-alcoholic extract of Ocimum sanctum exhibits strong antioxidant activity against
DPPH and hydroxyl radicals, which possibly occur due to the presence of a high number of
polyphenols and flavonoids. It inhibits peroxidation of lipids, ROS generation, damage to
DNA, and depolarization of membranes. It also decreases the enzymatic leakage of lactate
dehydrogenase, preserves cellular morphology, restores superoxide dismutase, and catalyses
enzyme levels, thereby preventing neuronal damage [77].
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Tinospora cordifolia (T. cordifolia) belongs to the Menispermaceae family, which is 
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Panax Ginseng

Ginseng belongs to the Araliaceae family and is prominently found in north-east Asia.
It is used world-wide for boosting energy. Ginseng may provide neuroprotection against
neuronal degradation through various mechanisms such as production of a reduction
in the β-amyloid deposition or glutamate-induced excitotoxicity in a dose-dependent
manner, thereby preventing apoptosis and neuronal death, improving routine in a passive-
avoidance learning paradigm, and protecting neurons possibly through its potential to
suppress cellular AChE activity and enhance cholinergic metabolism [78].
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Rosmarinus officinalis

Rosemary, commonly known as Satapatrika, belongs to the Lamiaceae family. It
contains many essential oils such as eugenol, carvacrol, oleanolic acid, and ursolic acid, and
thymol constituent’s antioxidants such as ferulic acid and carnosic acid, which can be used
against cyanide-induced damage in brain. A neuroprotective effect is also seen, which can
be cultured and human-induced, as has been observed in rodents, cell-derived neurons, and
pluripotent stem cells in vivo and in vitro in various parts of the brain in non-Swiss albino
mouse models. It also possesses cytoprotective, anti-apoptotic, and anti-inflammatory
activities that also add on to its neuroprotective mechanism [79].
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Salvia officinalis

Salvia officinalis belongs to the Lamiaceae family, and is well-known and reputed
for improving memory, as it has been traditionally used as a memory enhancing agent.
Carnosic acid and rosmarinic acid are the active ingredients found in S. officinalis. These
components are known to have potential pharmacological activity such as antioxidant
and anti-inflammatory properties as well as a low AChE inhibitory effect. It inhibits ROS
formation, peroxidation of lipids, fragmentation of DNA, activation of caspase-3, and
hyperphosphorylation of protein tau. Clinical evidence that has been obtained may help
to prevent or reduce the symptoms of dementia. A small pilot trial involving the oral
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administration of S. officinalis essential oil to 11 patients that possessed mild-to-moderate
symptoms of AD improved cognitive function significantly [80].
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Terminalia chebula

Terminalia chebula (T. chebula), also known as “King of Medicines” in Tibet, belongs to
Combretaceae family. It has been widely used as traditional medicine in Ayurveda, Siddha,
Unani, and Homeopathy. It contains compounds such as arjungenin, triterpene sarjunglu-
coside 1, and the tannins, chebulosides 1 and 2, chebulic acid, chebulinic acid, tannic acid,
ellagic acid, 2,4-chebulyi–β-D-glucopyranose, gallic acid, ethyl gallate, punicalaginterflavin
A, and terchebin. It also has presence of flavonoids such as rutins, luteolin, and quercetin.
A study reported that T. chebula exhibits anxiolytic activity and is equivalent to standard
drug diazepam. T. chebula has good pharmacological activities relevant to dementia therapy
and possesses antioxidant activity comparable to radical scavengers such as quercetin,
reflecting 95% activity, and showing an inhibitory concentration (IC50) value of 2.2 µg/mL.
T. chebula fruit extract also shows protective effect neuronal cells against ischemia, reduces
least production, and stimulates microglia cells death rate by lipopolysaccharide [81].
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Tinospora cordifolia

Tinospora cordifolia (T. cordifolia) belongs to the Menispermaceae family, which is
commonly known as giloe. Chemical constituents extracted from the plant are alkaloids,
diterpenoid lactones, steroids, glycosides, and aliphatic acids. T. cordifolia holds a memory
increasing property, which is due to immune-stimulation and increased synthesis of acetyl-
choline. T. cordifolia exhibits the property of scavenging free radical activity against ROS
and reactive species of nitrogen, which have been studied through electron paramagnetic
resonance spectroscopy. It increases the concentration of glutathione and the expression of
the gamma-glutamyl-cysteine ligase and superoxide dismutase of copper-zinc genes, which
play a major role in neuronal injury during hypoxia and ischemia. In addition, T. cordifolia
significantly decreases the mRNA expressions of iNOS. T. cordifolia also increases the
dopamine level of the brain. Thus, T. cordifolia has shown to prevent neurodegenerative
changes and enhance cognition, learning, and memory [82].
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Withania somnifera

Withania somnifera belongs to the family Solanaceae and is popularly known as Ashwa-
gandha or Indian ginseng. The major constituents of Ashwagandha root are two withaferin
A, withanolide D, and withanolides. Active glyco-withanolides of Withania somnifera have
a significant antioxidant function, which is accomplished by elevating the activities of SOD,
CAT, and GPx. It is also reported that Ashwagandha also works as a nerve tonic that boosts
energy and rejuvenates the cells. According to Rajasankar et al. [83], treatment of PD mice
with an oral dose of Withania somnifera root extract (0.1 g/kg body weight) for 1 week or
4 weeks enhanced homo-vanillic acid and dopamine, 3,4-dihydroxy phenyl acetic acid
levels in the corpus striatum. Furthermore, the report suggested that Withania somnifera
treatment enhances the anti-apoptotic proteins level such as Bcl-2 and depreciates the
pro-apoptotic protein level such as Bax in the Maneb–Paraquat-induced dopaminergic
neurodegeneration model of PD. Ashwagandha extract has shown to prevent lipid peroxi-
dation and increase antioxidant activity by increasing the free-radical slinking enzymes
levels in the brain [63].
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Zizyphus Jujube

Jujube fruits are used in Korean and Chinese traditional medicine to reduce anxiety and
strengthen the stomach and gastrointestinal system. Jujube seeds comprise large amounts
of flavonoid, phenyl glycosides, terpenoid, and alkaloid compounds mucilage, citric acid,
malic acid, sugar, organic minerals, vitamin C, and protein. The herb exerts inhibition
activity against the release of histamine, cyclooxygenase I and II, and AChE inhibitory
activity. Flavonoids present antioxidant properties [63]. A compound known as cis-9-
octadecenamide (oleamide) extracted from jujube is reported to bring about an upregulation
of acetylcholine transferase to 34.1% in the in vitro models, which leads to the increase in
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acetylcholine level and improves mild-to-moderate cognitive functions, motor coordination,
behavioural disorders, learning, and memory [84].

5.2. Conventional Approach

As a harsh reality in ND and As, the only hope is symptomatic treatment. The symp-
tomatic treatment therapies rely on slowing down symptoms without addressing the cause
and cure of the disease. Apart from symptomatic treatment, the other strategy that is being
employed currently is disease modifying-based treatment. Inhibitors of anti-cholinesterase
are used as symptomatic treatment, while anti-inflammatory agents and antioxidants are
used for disease modifying treatment [85]. Current therapies for neurodegenerative and
neurological disorders usually are involved in managing symptoms instead of providing
significant activity against disease progression. For example, the symptoms of HD are con-
trolled using 75–200 mg/day of tetrabenazine to alleviate involuntary movement (chorea).
However, as it acts as a vesicular monoamine transporter inhibitor (VMAT), it causes an
interference with both 5-HT (5-hydroxytryptamine) and dopamine (DA) degradation, and,
as a result, patients can show neuropsychiatric-based symptoms along with various other
side effects [86]. Various other first-line treatments such as L-Dopa in PD often cause a mul-
titude of side effects and do not delay progression of the disease. Another example is that
of cholinesterase inhibitors such as Donepezil, which is minimally effective in providing
improvement in cognition required for AD treatment. The various conventional strategies
used currently in the treatment of the two most common NDs, AD and PD, are summarized
in detail in Table 1 [87].

In view of the above information, there is an essential requirement for the development
of novel therapeutics that possess lesser or tolerable side effects to overcome these disease
states, which can further improve the quality of life of the ageing population. Conventional
drug delivery strategies, in general, fail to cross the BBB and are therefore less efficacious
in terms of treatment [88].
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6. Recent Trends of Phyto-Neuro Medicine

The latest advancements in the domains of green chemistry and nanotechnology are
promising and indicate significant potential in the advancement of biomedical sciences from
a theranostic perspective [89,90]. However, this potential, so far, has not been utilized for
the development of therapeutics for NDs such as AD and PD. The utilization of chemically
synthesized molecules poses limitations such as toxicity and cost [89,91,92]. In addition,
a study reported that some chemicals that are used for the chemical synthesis of NPs
have the propensity to remain attached on the NP surface and as a result, could not be
applied biomedically. Therefore, focus has moved towards the development of materials
using green chemistry and a green process [93]. Traditionally, the utilization of the green
chemistry-based approach is based on the use of medicinal plants or phytochemicals in their
pure form that possess medicinal properties, as these phytochemicals provide chelation
and stability to the NPs [90].

Recently, Suganthy et al. [94] reported the neuroprotection offered by biogenic gold
NPs based on Terminalia arjuna. The results obtained showed significant biocompatibility
of biogenic gold NPs as well as significant neuroprotection. These particles successfully
inhibited the AChE, caused a reduction in the Aβ fibrillation process, and at low concentra-
tions caused a destabilization of mature fibrils. Trehalose functionalization of synthesized
gold NPs brought about a significant improvement in the inhibition of protein aggregation
along with the disintegration of mature fibrils, and possesses the potential for application
in photothermal therapeutics [56]. Functionalization of gold NPs with anti-amyloidogenic
molecules can be considered as a promising strategy for ensuring improvement in the neu-
roprotective nature. Another strategy involves the use of biogenic platinum NPs biosynthe-
sized through utilization of Bacopa monnieri as a neuroprotective agent. Functionalization
of NPs using phytochemicals has yielded significant results. Recently, functionalization of
selenium NPs using polyphenols was achieved, where in nanoscale selenium nanoparti-
cles were coated with EGCG, which is a polyphenol present in tea. EGCG does possess
neuroprotective effects as well as inhibitory actions against a multitude of proteins that
are amyloid-forming such as amyloid beta, transthyretin, α-synuclein, and huntingtin,
which are involved in AD disease progression. These particles were further coated with
Tet-1, which is a protein that has strong affinity to neurons. The use of curcumin and its
derivatives in a similar manner has led to therapies that show promising results in patients
with AD. Benzothiazolinone in conjugation with curcumin has a strong binding affinity
to amyloid and therefore can be used for targeted delivery of curcumin or various other
natural products that can help in the treatment of AD [95].

Because of its significant antioxidant and anti-inflammatory effects, Yusuf et al. created
PLGA NPs loaded with thymoquinone (TQ) to operate on this aspect in animal models [96].
Streptozotocin (SZT)-treated male albino mice were treated with TQ-loaded PLGA NPs
coated with polysorbate 80, which mimics AD oxidative stress by decreasing Streptozotocin
(SOD) activity (P-80-TQN). With an average particle size of 226 nm and a zweta-potential
of 45.6 mV, the single-emulsion solvent evaporation technique was used to create these
nanoparticles. Initial bursts of TQ release were seen after 2 h, followed by a prolonged
sustained release (stabilised dipole-dipole interactions taking place between TQ and PLGA
components). Endocytosis via LDL receptors allowed the P-80-TQ NPs to traverse the BBB
(mediated by the polysorbate coating). These systems had a considerable impact on SOD
activity (increase) from the seventh to the 28th day after arrival on site. Further proving
their positive impact, a study on animals and cognition (the “Despair test”) was conducted
at the same time.

Uncaria species have yielded the spirocyclic alkaloid rhynchophylline (RIN), which
has been shown to have a variety of pharmacological effects, including neuroprotection.
RIN suppresses soluble A-induced hyperexcitability of hippocampus neurons in the event
of Alzheimer’s disease. In 2020, Xu et al. released the first research on the design and
development of brain-targeting treatment for Alzheimer’s disease via RIN injection [97].
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Methoxy Polyethylene Glycol NPs coated with Tween 80 were synthesised using the nano-
precipitation process to improve RIN’s pharmacological activity and target specificity.
T80-coated RIN-loaded PLGA NPs showed no haemolysis, indicating that these NP so-
lutions might be safely used. In confocal laser scanning microscopy, internalisation into
bEnd.3 cells was demonstrated using DiD fluorophore-loaded PLGA NPs; T80-coated NPs
showed more penetration. An in vitro BBB model using bEnd.3 cells was constructed to
evaluate the crossing of such nano-systems and indicated their greater transport relative to
free RIN or uncoated RIN laden NPs. Utilizing healthy C57BL/6 mice, the advantages of
using T80 to target the brain were subsequently shown. Ultimately, incubation with T80
RIN NPs increased the survival rate of PC12 cells damaged by A25–35 while also reducing
cell death. RIN neuroprotective effects were unaffected by the encapsulation of PLGA
nanoparticles, as shown by these findings.

In totality, phyto-nanomedicines are promising as compared to currently marketed
therapies for neurodegenerative disorders. Phytochemical derived nanomedicine could
prospectively in future be used for neurodegenerative disorders due to their multitude of
properties such as anti-inflammatory, antioxidative, and anticholinesterase activities. Further
research, however, is necessary to investigate the complete neuroprotective ability of these
compounds, to understand the mechanisms by which they exert protective effects, as well as
determining whether combination therapy could be synergistic as neuroprotectants [85].

Undoubtedly, phyto-nanomedicines offer a great hope in developing treatment strate-
gies against ND because of their fewer side effects and better target specificity. However,
there are still a few limitations which must be considered. A limitation of the utilization of
making use of the nanotheranostics for the treatment of NDs was identified by Kumar et al.
in 2020. They found that due to variations in neural functioning, characteristics, and
genome, a particular single approach cannot be used for all patients for the treatment of
a particular disease. Another study by Kumar et al. [88] showed that this technique was
proving to be ineffective as the NPs absorption time used in the technique was very low
and if the injection is not performed adequately, there is a possibility of NP absorption in
the blood or other body parts instead of the targeted area. Another constraint that was
identified was that the treatment cannot be monitored in an effective and efficient manner,
which poses a major challenge for the practitioners as they would be unable to track the
progress and impacts of the treatment. In addition, the treatment and technique, besides
being unproductive, is also extremely costly [88].

6.1. Protein-Based Nanoparticles

Because of their low toxicity and biodegradability, biopolymer-based nanoparticles,
such as protein nanoparticles, have recently been actively employed as medicinal and
functional tools [98]. Proteins are versatile building blocks for nanoparticles because of
their specific roles in biology and the industrial industry. Endocytic transport of protein
nanoparticles is possible because of their tiny size. As a drug delivery strategy, protein
nanoparticles offer a number of benefits, including biodegradability, stability, surface modi-
fication, simplicity of particle size control, and less concerns related with toxicity issues,
such as immunogenicity. Protecting the medication against enzymatic breakdown and
renal clearance may increase its stability, activity, and half-life in particular. Additionally,
protein nanoparticles may be employed in a number of targeted therapeutics, including
cancer therapy, tumour treatment, and vaccinations, because of their non-antigenic proper-
ties. When protein nanoparticles are embedded in biodegradable polymers, they may be
released over a long period of time. It is the primary goal of nanoparticle design to manage
particle size and surface area so that nanoparticles containing the requisite quantity of
pharmaceuticals may demonstrate desirable pharmacological activity by discharging active
substances to produce part-specific action.

In silk fibres, the fibroin protein accounts for between 65 and 85 percent of the total
protein content [99]. Degumming with Na2CO3 removes exterior sericin from silk produced
by the Bombyx mori silkworm, a technique often used to extract fibroin [100]. As a result
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of its excellent mechanical strength, flexibility, low immunogenicity, biodegradability, and
biocompatibility, fibroin has become a popular choice for the creation of nanoparticles.
Fibroin nanoparticles’ zeta potential is negatively charged. When a positively charged
polymer such as PEI or chitosan is applied to the surface, it serves as a crosslinking agent
that transforms the surface into a positive charge. The average size, size distribution,
surface zeta potential, drug encapsulation, release profile, and particle formation stability
of FNP may be affected by a variety of parameters, including fibroin molecular weight
(MW), crystallinity, encapsulated drug characteristics, and production circumstances. Much
research has been undertaken to distribute and use fibroin nanoparticles as a medication
delivery method because they can overcome the drawbacks of low-molecular-weight
medicines. Drug solubility and stability are enhanced, drug degradation is inhibited, and
toxicity is reduced in all fibroin nanoparticles loaded with small molecule pharmaceuticals,
making them better for drug therapy.

Approximately 585 amino acids make up HSA, which has a molecular weight of
66 kDa [101]. HSA is mostly present in the bloodstream. Subunits A and B may be found in
each of the three major components of the HSA. Sudlow’s sites I and II, found in subunits
IIA and IIIA of the HSA, are the primary binding sites [102]. When HSA is used as a carrier
for other compounds, it helps hydrophobic molecules become more easily soluble in blood.
A variety of chemicals may be delivered to particular tissues in the body via HSA. The
pH (stabilised in the pH range of 4 to 9) and temperature (may be heated at 60 ◦C for up
to 10 h) of HSA are also highly stable, as they are organic solvents [103]. Because of its
biodegradability, non-toxicity, and non-immunogenicity, as well as its high solubility, it has
the added benefit of being derived from biological sources. In investigations on protein
binding and targeted medication administration, bovine and HSAs are often used because
of these benefits. Due to HSA’s strong affinity for diverse medications, a matrix of HSA
nanoparticles may efficiently incorporate these molecules.

Table 2 describes the outcomes obtained following administration of drug-entrapped
NPs for neurological disorders.
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6.2. Polymeric Nanoparticles

Polymeric nanoparticles are colloidal particles that have a medication encapsulated
inside a biodegradable and biocompatible polymer carrier, ranging in size from 1 to
1000 nm [100,113]. Polylactide, polylactide polyglycolide copolymers, and polyacrylates
are some of the most widely used polymers. Among them, Lactide glycolide copolymer
has been widely studied. There are several natural polymers to choose from, including
alginate, albumin, and chitosan. Various research has been ongoing for many years to
establish the efficacy of curcumin (Indian solid gold) in a variety of disorders, including
cancer. It was shown that curcumin was able to reduce Amyloid beta deposition and tau
phosphorylation in an animal study on AD.

In addition, it increases the multiplication of neural stem cells and hippocampus
neurogenesis [114]. As Curcumin has a weak water solubility, the nanoparticle format of
Curcumin is thought to boost its ability to target neurons in Alzheimer’s disease (AD). Cur-
cumin nanoparticles Tet-1-targeted PLGA-coated curcumin were tested for the treatment
of Alzheimer’s disease by suppressing amyloid and antioxidant activities [107]. Nanopar-
ticles having a zeta potential of 230 to 220 mV and an average size of 150–200 nm were
manufactured using the solvent evaporation technique. These nanoparticles are entirely
soluble in water, and they also have the ability to glow. Studies on the viability of cells have
shown that these nanoparticles are not harmful to cells. According to fluorescence data,
the uptake of nanoparticles targeted with Tet-1 peptide in GI-1 glioma cells in an in vitro
uptake assay was significantly increased compared to the non-targeted nanoparticles.

6.2.1. Liposomes-Based Drug Delivery Systems

Liposome transport mechanisms across the blood-brain barrier are still at the budding
stage. Electrostatic interactions are the method by which the negative charges on BBB and
cationic liposomal drug delivery systems induce cell internalisation through absorption
mechanism [115]. It is possible to traverse the BBB by attaching glucose and GSH to lipo-
somes as nutrients. Because of the therapeutic potential of receptor-mediated transcytosis,
which has the ability to connect specific ligands to a wide variety of BBB receptors [116].
Using nanoliposomes that have been double-functionalized with curcumin and HIV TAT
peptide, A peptide affinity is increased and BBB bridging is improved [117]. Endocytosis
and micropinocytosis were the two most often cited mechanisms for TAT uptake. A thiol-
maleimide reaction covalently links TAT to nanoliposomes. TAT-CurcNL has a size range
of 196.5 to 3.2 nm and was quantified using HPLC-MS/MS. Mass spectrometry, confocal
microscopy, and a radioactivity assay using [3H]-sphingomyelin [42] all showed a threefold
increase in nanoliposome absorption after TAT functionalization in human brain capillary
endothelial cells (hCMEC and D3).

Mourtias also used the thin film hydration approach to make multifunctional nanoli-
posomes containing curcumin-lipid derivatives. When DSPE-PEG2000 was reacted with
4-methoxytrityl-thiol for the first time, it produced DSPEPEG2000-S-Mmt, which is the
precursor to DSPE-PEG2000SH, a functionalized lipid available on the market. There were
no by-products and the reaction proceeded quickly in the presence of DIPEA (Diisopropy-
lethylamine) during the DSPE-PEG2000-S-Mmt synthesis [118]. A PEG spacer was added
between curcumin and lipids to manufacture this derivative. When DSPEPEG2000-SH
was deprotected with thiol, it reacted with curcumin to produce the DPSPEG2000-CURC
derivative. Nanoliposome membranes were successfully included with this novel synthetic
substance. For the second phenol-protons of the curcumin moiety, DIPEA was added and
the resulting DIPEA salt was proved to effectively identify A deposits in post-mortem
tissues of Alzheimer’s disease (AD) patients’ tissues. One of the best-selling herbal reme-
dies, ginkgo biloba, has its origins in traditional Chinese medicine. Antioxidant activity in
the CNS is observed to boost the activities of superoxide dismutase, catalase, glutathione
peroxidase, and glutathione reductase. As a result of increased antioxidant activity in the
hippocampi, Ginkgo biloba aids in memory and learning [119]. Non-ionic bilayer vesicles
based on surfactants constitute niosomes. Unlike liposomes, niosomes may contain both
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hydrophilic and hydrophobic drugs in the same system [47,120]. It is possible that the
niosomes containing medications for the treatment of CNS disorders may pass the BBB. In
freeze-dried powder (661 nm) and spray-dried powder (680 nm), the size of niosomes is
affected by the drying procedure. Spray-dried niosomes had a higher zeta potential than
freeze-dried niosomes, on the other hand. Because the zeta potential of spray dried noi-
some powder is high, they are more stable, owing to the substantial electrostatic repulsion
between particles [48,121].

6.2.2. Green Synthesized Nanoparticles

Green chemistry—in fact, green technology—is currently being pushed for its use in
nanotechnology as an eco-friendly option. However, for herbal extracts, metal nanoparticles
have been shown to be more favourable than microorganisms in the creation of nanopar-
ticles. The organic components may decompose into biodegradable material because of
the presence of polyphenols. Shankhapushpi is n antihypertensive, immunomodulatory,
and anticonvulsant ayurvedic plant. The antioxidant capability of the ayurvedic medicine
Convolvulus pluricaulis was discovered to improve memory in nanoparticles made using
iron oxide as a precursor. Researchers are still trying to understand the molecular process
of these micro particles [122]. As an anti-epileptic, insect repellent, and antioxidant, the
Pulicaria undulata plant is also often used in traditional Chinese medicine. The increased
concentration of silver nanoparticles (AgNPs) in the brain leads to an increase in AgNPs’ in-
teraction with proteins, which prevents fibril formation by decreasing protein conformation
and self-association in Pulicaria undulata nanoparticles made with silver (AgNPs) [123].

7. Nanotechnology-Induced Bioinformatics for Early Diagnosis

In the last three decades, several computational programs have been continuously
developed and applied to improve the quality of biomedicine in an interdisciplinary model.
At the same time, the term bioinformatics, a combination of computational biology and
mathematical algorithms, has been used for leading current biomedicine and biomedical
research. Biological data-restoration (proteomics and genomics related to disease biology),
biological data and text mining (analyses of massive amounts of data and text to restore
biological data), and genomic-proteomic investigation (in the contest of mutation and
drug resistance pathways and biomarkers) have been used to guide and solve several
complex problems in biomedical areas through the wide range of cost and resource-saving
technology. For example, the Human Genome Project and other OMICS (genomics, pro-
teomics, metabolomics, and glycomics) projects have revolutionized bioinformatics support
to biomedical research. Overall, integrated bioinformatics tools can gather and analyse
massive amounts of biological and laboratory data to help understand diseases and select
ideal therapies [124,125].

Simultaneously, nanotechnology is another demanding sector in biomedicine for
generating more prospective technological and technical discoveries in medication delivery.
Strategically, when nanotechnology is merged with bioinformatics, the phrase used is ‘nano
informatics’, and this discipline has more potential for attaining breakthrough analyses in
biomedical drug development applications [126,127]. Figure 2 illustrates the role of nano
informatics for the development of therapies for dementia. Currently, nano informatics
have become an emerging field and have been accepted by health and regulatory bodies
such as US NSF, NIH, the National Cancer Institute, and the European Commission, etc., for
analysing and processing the structure and physiochemical characteristics of nanoparticles,
their formulation, as well as for their application in the treatment of various diseases such
as neurodegenerative disorders and cancer. The experimentation for NDs is more expensive
and sensitive. Bioinformatics can be used for early detection, understanding the disease,
and application, while nanotechnology can be used for studying the diagnosis or treatment
strategy through the use of drug delivery that is target specific [125,127].
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Dementia, a brain disorder which is characterized by memory loss, is a common
disorder; AD is its most predominant form, accounting to 60–70% of dementia cases, and
about 10 million cases have been recorded per year. Mostly, in brain disorders, the synap-
tic transmission is affected, and its target is the ionotropic glutamate receptor (iGluR),
which belongs to the most poorly understood pharmacological target, the G-coupled recep-
tor (GPCR). However, the current updated research involves analysing brain physiology
and targeting amyloid plaques amyloid-beta neurofibrillary tangles, tau protein, astro-
cyte associated β-secretase, cholinergic neuron associated butyrylcholinesterase, cognitive
function in medial temporal lobe cortex, secretase (presenilin I), central nerves system
associated GPCR-target, and dopamine-2 receptor, etc., for Alzheimer and dementia treat-
ment [128,129]. In drug development, there are more than a hundred pipeline drugs under
clinical investigation [130,131].

In the history of drug discovery, most drugs have failed due to lack of consideration of
pharmacokinetics. These drugs are unable to cross the blood-brain barrier (BBB) [132,133]. For
a drug to be active and to show the desired effect, the drug should have the ability to penetrate
the BBB. Most of these drugs, however, have been unable to cross and as a result show about
<1% effectiveness as compared to the administered dose, or sometimes exert neurotoxicity.
Therefore, the development of target-specific nano-drug delivery, which can pass through the
BBB, can play an important role in the management and treatment of dementia or Alzheimer’s
diseases [134,135]. Nevertheless, so far, the nano system is insufficient, and attempts are ongo-
ing for the optimization of nano systems and drug applications in NDs [125,136]. Through
the use of nano informatic tools, the interaction-cum-efficacy of proposed therapeutic agents
with the target protein can be predicted along with obtaining relevant information on the
BBB profile and possible neurotoxicity side effects that can be observed. [54,137–140]. For
example, tools namely, admetSAR (http://lmmd.ecust.edu.cn/admetsar2/) (accessed on
10 November 2021), SwissADME (http://www.swissadme.ch/) (accessed on 10 November
2021), LightBBB (http://bioanalysis.cau.ac.kr:7030/) (accessed on 10 November 2021), as
well as databases such as VariCarta (https://varicarta.msl.ubc.ca/index) (accessed on 10
November 2021), AlzGene (http://www.alzgene.org/) (accessed on 10 November 2021), and
NDDVD (http://bioinf.suda.edu.cn/NDDvarbase/LOVDv.3.0) (accessed on 10 November
2021) have been used to obtain large data sets of neurological therapeutics. Overall, nano
informatics could be a commanding approach towards exploring and understanding mech-
anisms along with locating and developing better suited and more efficacious therapeutic
agents in a cost-effective manner. Table 3 summarizes the miRNAs used for treatment of
neurological disorders.
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Table 3. List of miRNAs used as therapeutics (conventional and nonconventional) for some NDDs. The
investigated drug, the miRNAs, their sources, the disease state as well as the references are indicated.

Drug miRNA Source of miRNA Disease State Used Reference

Donepezil miRNA-206-3p Mouse-Hippocampus, cortex
Dementia

[141]

Simvastatin miRNA-106b SH-SY5Y cells; Mice brain
tissue-APP/PS1 [142]

Osthole

miRNA-9 overexpressed APP cells

Alzheimer’s Disease
(AD)

[143,144]

miRNA-107 Overexpressed APP cells
Mice brain tissue-APP/PS1

[143]

miRNA-101a-3p [143]

AGR-GRg1 miRNA-873-5p Mouse Hippocampus [145]

L-Dopa

miRNA-30b-5p,
miRNA-30a-5p Plasma

PD

[146]

miRNA-29a-3p,
miRNA-30b-5p,
miRNA-103a-3p

Peripheral Blood mononuclear
cells (PBMC’s) [147]

miRNA-16-2-3p,
miRNA-26a-2-3p,

miRNA-30a
Peripheral blood [148]

miRNA-155 PBMCs [149]

L-Dopa, Amantadine
miRNA-7,

miRNA-9-3p,
miRNA-9-5p

Peripheral blood [150]

Interferon-β

miRNA-29 PBMCs

Multiple Sclerosis

[151]

miRNA-145 Whole blood [152]

miRNA-29b-3p

PBMCs

[153]

miRNA-326 [154]

miRNA-26a-5p [155]

miRNA-146a [156]

Natalizumab

miRNA-150 CSF, Plasma [157]

miRNA-126,
miRNA-17 CD4 + T cells [158,159]

miRNA-17~92,
miRNA-106b~25 B lymphocytes [160]

miRNA-26a,
miRNA-155 PBMCs [153]

miRNA-155 Monocytes [161]

Dimethyl fumarate miRNA-155 Monocytes [162]

Fingolimod miRNA-150 Plasma [163]

miRNA-23a Whole Blood [164]

Natalizumab
miRNA-320,

miRNA-320b,
miRNA-629

Blood Progressive multifocal
leukoencephalopathy [163]

8. Limitations of Nanotechnology-Based Approaches for ND

Using nanotheranostic techniques to treat neurodegenerative illnesses, as discovered
by Indrasekara et al. [165], have their limits because each patient has a unique genome and
neurological functioning and features, and so no one strategy can be employed to treat all of
them. Every person must be diagnosed and treated for these neurodegenerative conditions
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individually, which is a difficult undertaking and does not aid in establishing one approach
or treatment methodology that works for everyone [166]. (De Lau et al., 2006).

In addition, Kim et al. found that if the injection is not performed properly, the NPs
utilised in this approach may be absorbed by the blood or other body parts instead of the
intended target location [167]. This is a difficulty or restriction that has been highlighted by
Kim et al. If the medicine is not injected properly, it will not be absorbed or utilised to treat
the intended location for treating neurodegenerative illnesses such as Alzheimer’s disease
and Parkinson’s disease. Because just a little amount of the medication actually makes its
way to where it is needed, some have contended that it has not yet been shown that the
therapy is 100% successful [168].

In order to progress this study into viable therapeutic medicines, it is critical that
safety concerns be addressed. As a reminder, the most successful NP formulations for the
brain delivery nonetheless accumulate extensively in other parts of the body, such as the
spleen, the liver, and the kidney. As a result, it is critical to create nanoformulations that
are only activated when they reach the brain [169] instead of activating when they reach
other parts of the body. Nanoparticles in regenerative medicine may soon benefit from
advances in triggerable nanoformulation technology. The production of nanoparticles that
target particular brain cells is a significant problem that warrants more study. Targeting
particular brain cells such as dopaminergic neurons (the primary target in Parkinson’s
disease), microglia (neuroinflammation), or neural stem cells (neuronal repair) may boost
its potential therapeutic usefulness in the context of neurodegenerative illnesses.

Multifunctionality is required for brain-targeting NP because of the BBB’s protective
role, which makes it challenging to target molecules to the brain parenchyma. As a matter
of fact, the BBB’s primary job is to protect brain tissue from potentially hazardous chemicals.
NPs neurotoxicity must be examined for the same reasons as a more traditional medicinal
system’s neurotoxicity. Microglial activation is a critical consideration in NP neurotoxicity
because it plays a role in the neurodegenerative pathogenic process in the vast majority of
CNS illnesses. When using cultured microglial cells, an in vitro study found that TiO2 NPs
and HAP (hydroxyapatite) NPs were able to trigger inflammation-related iNOS (inducible
nitric oxide synthase) and activate the NF-B signalling pathway. All the tested NPs induced,
to a variable extent, the increase in pro-inflammatory molecules [170]. It was evidenced
that TiO2 and HAP NPs may activate microglial cells and lead to probable pathogenic
alterations in the olfactory bulb, striatum, and hippocampal regions of mice, concluding
that these inorganic NPs contributed to the dysfunction and cytotoxicity in PC12 cells.

9. Future Nano Therapeutics for ND

Without a doubt, precision-based nanomedicine will gain more attention in the coming
years. However, despite advances, the use of phages in humans has yet to gain widespread
acceptance. There is a gap that must be bridged between animal trials and human use.
Approval from the Food and Drug Administration is required, and it is likely to follow on
the heels of increasingly promising research on phage-based nanomedicine [171].

Exosomes, which are naturally produced by human cells, are emerging as a new
generation of highly protective nanoplatforms for efficient drug delivery [172]. They can
transport not only therapeutics but also molecular imaging agents for use in precision ther-
apeutics and diagnostics. Exosomes are an ideal nanoplatform for loading both hydrophilic
and lipophilic agents due to their unique structure, which includes an aqueous core and
a membrane rich in lipid rafts.

Nonetheless, despite the current promising research on exosomes, several major chal-
lenges remain to be overcome, including a lack of characterization of exosomes derived
from different sources, low exosomal yield, and encapsulation efficiency, and a lack of
advanced purification techniques with high efficiency. Exosome molecular and nanoengi-
neering will provide insights into future effective and precision medicine for devastating
diseases such as neurodegenerative disorders. Because targeted exosomal delivery is
a rapidly developing field, aptamer-mediated exosomal delivery is becoming appealing for
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the development of smart nano-delivery systems due to its ease of use, high performance
at the nanoscale, enhanced efficacy, safety, and low cost [173,174].

Although preclinical studies have provided the biological and mechanistic foundation
for previous clinical trials, future efforts to improve the predictive accuracy of preclinical
studies will be critical to clinical trial success. To improve clinical translation, health ex-
perts hope to develop research guidelines such as the Stroke Therapy Academic Industry
Roundtable (STAIR) recommendations. The Federal Interagency Traumatic Brain Injury
Research (FITBIR) system was designed to share TBI-related research across the research
community [175]. Future efforts for the development of nanomaterials to treat acute brain
injuries include accurate measurement of nanomaterial pharmacokinetics in living organ-
isms, careful selection of animal models that recapitulate specific human pathology relevant
to nanomaterial design and payload, designing experiments that consider multiple biologi-
cal variables, and the development of technology to quantitatively measure biomarkers
that can accurately predict outcomes in humans.

10. Conclusions

Nanotechnology can alter neuroscience-based information and restorative methodolo-
gies, and can be used to possibly make significant commitments for the development of
nano-empowered medication for the treatment of NDs. Equal advancements in neurophys-
iology and neuropathology exploration would help in the advancement in nanotechnology,
which can be used to provide CNS recovery and neuroprotection. Accordingly, for utiliza-
tion of nanotechnology in neural system science and neurosurgery, key factors that require
consideration include: (1) breakthrough discoveries and developments in drug science and
material science, which can help in the manufacturing of the described methodologies;
(2) development and advancement of sub-atomic science, sensory system-based neurophys-
iology, and neuropathology; and (3) planning and combination of explicit nano-empowered
therapies to the CNS, which exploit the initial two factors. As a result, nanotechnology
could provide the solution and can offer breakthrough therapies for the management
and treatment of NDs and can also be used to bypass the current problem of available
neurological therapies i.e., non-specific targeting and lower efficacy rates of drug therapies.
Therefore, taken together, neurosurgeons, nervous system specialists, neuroscientists, and
drug researchers and architects, should take part in utilizing the power of nanotechnology
for drug delivery. Consistent with the profoundly interdisciplinary nature of this space of
exploration, it is additionally significant to note that nano-informatics and nanotechnology
can also provide innovative headways and progressions that are related to fundamental
and clinical neuroscience.
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BBB Blood brain barrier
CNS Central nervous system
ND Neurological and neurodegenerative diseases
NP Nanoparticle
AD Alzheimer’s disease
PD Parkinson’s disease
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ALS Amyotrophic horizontal sclerosis
JNK c-Jun N-terminal kinase
AChE Acetylcholinesterase
IC50 Half-maximal inhibitory concentration
SAC S-allyl cysteine
MPP Phenyl pyridinium
SOD Superoxide dismutase
6-OHDA 6-hydroxydopamine
CAT Chloramphenicol acetyltransferase
GPx Gluthathione peroxidase
GPR Glutathione reductase
ATP Adenosine triphosphate
iNOS Inducible nitric oxide synthase
COX-2: Cyclo-oxygenase 2
MDA Malondialdehyde
GSH Glutathione
CPPME Celastrus paniculate wild whole plant methanolic extract
LPO Lipid peroxidation
DPPH 2,2-diphenyl-1-picrylhydrazyl
GABAA Gamma- amino butyric acid
MAO Monoamine oxidases
DNA Deoxyribo nucleic acid
mRNA Messenger ribonucleic acid
5-HT 5-hydroxytrptamine/serotonin
DA Dopamine
ROS Reactive oxygen species
VMAT Vesicular monoamine transporter
NMDA N-methyl-D-aspartic acid
COMT Catechol ortho-methyl transferase
CSF Cerebrospinal fluid
PET Positron emission tomography
SPECT Single photon emission computed tomography
NIH National Institute of Health
NSF National Science Foundation
USFDA United States Food and Drug Administration
STAIR Stroke Therapy Academic Industry Roundtable
FITBIR Federal Interagency Traumatic Brain Injury Research
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Abstract: PMMA bone cements are mainly used to fix implanted prostheses and are introduced as a
fluid mixture, which hardens over time. The problem of infected prosthesis could be solved due to
the development of some new antibacterial bone cements. In this paper, we show the results obtained
to develop four different modified PMMA bone cements by using antimicrobial additives, such as
gentamicin, peppermint oil incorporated in hydroxyapatite, and silver nanoparticles incorporated in
a ceramic glass matrix (2 and 4%). The structure and morphology of the modified bone cements were
investigated by SEM and EDS. We perform experimental measurements on wettability, hydration
degree, and degradation degree after immersion in simulated body fluid. The cytotoxicity was
evaluated by MTT assay using the human MG-63 cell line. Antimicrobial properties were checked
against standard strains Staphylococcus aureus, Pseudomonas aeruginosa, and Candida albicans. The
addition of antimicrobial agents did not significantly affect the hydration and degradation degree.
In terms of biocompatibility assessed by the MTT test, all experimental PMMA bone cements
are biocompatible. The performance of bone cements with peppermint essential oil and silver
nanoparticles against these two pathogens suggests that these antibacterial additives look promising
to be used in clinical practice against bacterial infection.

Keywords: PMMA bone cements; peppermint essential oil; silver nanoparticles; gentamicin; antimi-
crobial properties

1. Introduction

Bone cements are used to fix artificial joints, such as hip or knee prostheses. These
materials fill the space between the implant and the joint and are introduced as a fluid
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mixture, which hardens over time. Bone cements can also be defined as a mixture of
substances, a family of materials consisting of a powder phase and a liquid phase which,
after mixing and homogenization, forms a paste which has the ability to cure, and self-
stabilizing once implanted in the body. This material has a special flexibility and modelling,
which ensures the fixation of the material at the implant site and a good bone-material
contact, even in complex defects from a geometric point of view [1].

Acrylic bone cements are polymeric materials, which are obtained by a polymerization
reaction and produce a stable, non-absorbable material [2–4]. Poly(methyl methacrylate)
(PMMA) based bone cements are two-component systems, comprising a solid phase
(a polymeric powder) and a liquid phase (a liquid monomer). It also contains an inhibitor
(hydroquinone) to prevent premature polymerization during storage and optionally a
colouring agent, such as chlorophyll [5].

An implanted prosthesis is particularly sensitive to the development of bacteria on its
surface because microorganisms can multiply as an adverse reaction of the body’s immune
system on a foreign body or by primary contamination due to non-sterile materials or by
hematogenous spread, where the infection comes from another infected area of the body
and is transferred to the implant area. As the bacteria reproduce, they form a protective
biofilm, which has a low sensitivity to antibiotics [6]. The release of antibiotics from the
cement matrix takes place through surface diffusion, bulk diffusion, pores, and defects
in the cement start. The mixing method, particle size, and uniformity of distribution
significantly influence the antibiotic release kinetics [7].

Bacteria that can cause periprosthetic joint infections have a broad spectrum, most
often caused by Coagulase negative staphylococci (in 30–43% of cases), followed by Staphy-
lococcus aureus (12–23%) and Streptococci (9–10%). Other bacteria encountered in rare cases
that can cause infections are represented by Enterococci, Gram-negative bacilli, anaerobic,
polymicrobials, or others unknown microbes [8,9]. Currently, research in this field has
gathered the best evidence for an adequate selection of antibiotics available especially
for staphylococcal species, while, for other bacteria, such as streptococci, enterococci, or
Gram-negative, the selection of antibiotics is more complex [10]. Different antibacterial
agents were used by researchers for obtaining modified PMMA bone cements with antibac-
terial properties: antibiotics [11–21], silver nanoparticles [22–25], gold nanoparticles [26],
hydroxyapatite [27–31], graphene [32,33], essential oil [34–42], or essential oils incorporated
in different materials [43–46]. A schematic representation of cement preparation procedure
is shown in Figure 1.
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Gentamicin (GM) is the most commonly used antibiotic for treating bacterial infec-
tions that has a broad spectrum, thermal stability, and high solubility in water [11]. It is
an aminoglycoside whose antibacterial activity is concentration dependent [12]. Other
common antibiotics, such as tobramycin [13] and vancomycin [14], have also been used to
treat periprosthetic joint infections. In order to increase the antimicrobial spectrum and,
thus, the effectiveness of the treatment of periprosthetic joint infections, researchers tested
the effect of acrylic bone cements with gentamicin + vancomycin + linezoid [15], gentamicin
+ teicoplanin [16], vancomycin + daptomycin [17], and vancomycin + cefazolin [18], which
provide satisfactory results on their antibacterial activity.

However, the widespread use of antibiotics has led to the development of genetic
and biochemical mechanisms that allow bacteria to survive in antibiotic environments.
This is a cause for concern regarding the effectiveness of antibiotics commonly used in the
composition of bone cements, especially the effectiveness of gentamicin. For example, in a
study realized by Hellmark et al. [19] on joint prosthesis revision cases, a 79% resistance to
gentamicin against a Staphylococcus Epidermidis was detected. Thornes et al. [20] confirmed
these results with their research realized on rat models, which demonstrated an increased
resistance of same bacteria to PMMA bone cement with gentamicin. Thus, the problem of
low antibiotic efficacy in bone cement has created the need to investigate the potential to
incorporate new antimicrobial agents into bone cements.

The availability of silver nanoparticles having a high surface to volume ratio and
possessing which gives unique chemical and physical properties that greatly enhance
the antimicrobial effects of silver. Silver ions inactivate enzymes vital to bacteria and
disactivate the mechanism of bacterial DNA replication. Antimicrobial testing has also
shown that cements with silver nanoparticles do not have antimicrobial activity against
planktonic bacteria; however, they are able to quantitatively reduce the formation of
bacterial biofilms on the surface of the cement. These results imply that cements containing
silver nanoparticles have a high potential for use in arthroplasty interventions, in which it
is necessary to prevent bacterial adhesion [22–25].

Other antimicrobial additives have also been studied to improve the antimicrobial
activity of PMMA bone cements. For example, Russo et al. [26] used gold nanoparticles and
demonstrated their antibacterial activity against Methicillin Resistant Staphylococcus aureus
(MRSA) and Pseudomonas aeruginosa strains. Phakatkar et al. [27] introduced magnesium
phosphate and hydroxyapatite into PMMA bone cement and obtained satisfying results on
antibacterial properties and superior bioactivity related to cell viability due to the addition
of hydroxyapatite. The antimicrobial effect of graphene embedded in acrylic resins used in
the dental field is discussed in a review by Radhi et al. [32].

In the past couple of years, the use of plant-derived molecules in composition of
some synthetic biomaterials for wound healing has started to gain widespread acceptance.
Although the use of essential oils for medical applications is relatively new, it has raised
interest being based on their long history of being used by humans for therapeutic purposes
showing inhibition against bacteria (Gram negative and Gram positive) and fungi [34,35].
This interest in medication with straight source plants is due to the belief that natural
components are safer and more dependable, compared with synthetic drugs that sometimes
can have adverse effects [36]. Essential oils based on plant extracts, such as peppermint,
cinnamon, lemon, and clove, have been applied to accelerate the wound healing process
since ancient times due to their various therapeutic benefits, such as antibacterial activity,
anti-inflammatory, and antioxidation potential [37]. However, the volatility, low stability,
and high sensitivity to environmental factors have limited the usage of essential oils in
wound healing applications, but, in the last decade, researchers have focused their attention
on biomaterials containing essential oils to study their therapeutic properties [38].

A commonly considered essential oil is the one obtained from peppermint. Pepper-
mint is mainly derived from the Mentha piperita leaf, and its antibacterial activity is due to
its chemical composition of L-menthol, menthone, methyl acetate, and limonene [39,40].
Previous studies on the antimicrobial properties of organic or inorganic supports coated
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with peppermint essential oils reported similar results regarding their biological activity
against pathogenic microorganisms [41,42]. Thus, the antibacterial activity of the hydroxya-
patite coated with peppermint essential oil (HAp-P) were tested against different bacteria
strains, such as Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and Candida
albicans strains, with the results highlighting that the antimicrobial activity of HAp-P in-
creased significantly over that of hydroxyapatite alone [43]. Peppermint extract was also
incorporated in the polyurethane (PU)-based nanofibers in order to be used in diabetic
wound healing. The results showed that the release of extract from nanofibers continued
for 144 h, with antibacterial efficiency of 99.9% against Staphylococcus aureus and Escherichia
coli bacteria [44]. Kasiri and Fathi [45] studied the method for peppermint essential oil
encapsulation with cellulose nanocrystals (CNC), loading capacity, and the in vitro release
of the PEO, demonstrating that the main mechanism for release of peppermint oil is by
diffusion transport.

The main objective of the paper was to develop novel modified PMMA bone cements
with antimicrobial properties using hydroxyapatite impregnated with peppermint oil,
silver nanoparticles incorporated in ceramic glass matrix, and gentamicin as antimicrobial
agents. The novelty is consistent due to the antimicrobial agents, such as essential oil,
incorporated in hydroxyapatite and silver nanoparticles incorporated in a ceramic glass
used for bone cement. The SEM characterization, contact angle measurements, hydration,
and degradation degree experiments were carried out. The in vitro tests were performed to
demonstrate cements safety and efficacy. The biocompatibility was assessed by the MTT
test using human MG-63 cell line. The antimicrobial tests of the developed new cement
compositions against gram-positive Staphylococcus aureus, gram-negative Pseudomonas
aeruginosa, and Candida albicans fungus microorganisms were performed.

2. Materials and Methods

The experimental modified PMMA bone cements were obtained by modifying the
solid component of commercial cement based on PMMA, with standard viscosity.

Different bone cements-type biomaterials were developed by combining different
antimicrobial additives with the powder of the commercial PMMA bone cement, in or-
der to determine the antimicrobial activity of the cement without negatively altering its
mechanical performance. As antimicrobial agents, silver nanoparticles incorporated in a
ceramic glass matrix (purchased from SANITIZED AG, Burgdorf, Switzerland) were used,
respectively, hydroxyapatite (HAp, >95% purity, purchased from the Plasma Biotal Limited
(Tideswell, UK)) impregnated with peppermint oil and gentamicin, being obtained 4 new
bone cement compositions.

The chemical composition of commercial cement used as a reference and new antimi-
crobial bone cements are shown in Table 1 below.

Table 1. Composition of the standard and new antimicrobial bone cements.

Samples
Composition

Antimicrobial Additive
Powder Liquid

R PMMA, BPO, BaSO4 MMA, BMA, DmpT, HQ None

GM PMMA, BPO, BaSO4 MMA, BMA, DmpT, HQ 5% gentamicin

HUM PMMA, BPO, BaSO4, HAp MMA, BMA, DmpT, HQ 5% peppermint essential oil incorporated
in hydroxyapatite

AM1 PMMA, BPO, BaSO4 MMA, BMA, DmpT, HQ 2% silver nanoparticles incorporated in a ceramic glass

AM2 PMMA, BPO, BaSO4 MMA, BMA, DmpT, HQ 4% silver nanoparticles incorporated in a ceramic glass

Methyl methacrylate—MMA; Butyl methacrylate—BMA; N,N-Dimethyl-p-toluidine—DmpT; Hydroquinone—HQ; Poly(methyl-
methacrylate)—PMMA, Benzoyl peroxide—BPO, Barium sulphate—BaSO4; Hydroxyapatite—HAp.
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Scanning Electron Microscopy (FEI Company, Eindhoven, Netherlands)coupled with
Energy Dispersive Spectroscopy analysis on bone cements samples was performed us-
ing a QUANTA INSPECT F Scanning Electron Microscope (FEI Company, Eindhoven,
Netherlands) equipped with Energy Dispersive X-ray Spectrometer Detector (EDAX) (FEI
Company, Eindhoven, Netherlands) with a 132 eV resolution at MnKα. Analyses were
performed in order to evaluate the morphology and antimicrobial additives distribution in
the polymerized matrix.

The contact angle measurements were performed on the KRÜSS DSA30 Drop Shape
Analysis System, in order to determine the wetting degree of solid and liquid interaction.
The contact angle measurements were based on the sessile drop method, each measurement
being repeated five times.

The hydration degree (Ha) was evaluated by immersing the experimental bone cement
samples in distilled water at 37 ◦C for a period of 7, 14, and 21 days, respectively. At each
time interval, the samples were removed from the distilled water, weighed and kept
in a desiccator until they reached a constant mass. The degree of hydration (Ha) was
determined using the following formula:

Ha (%) =

(mw −m f

m0

)
× 100, (1)

where:

mw—mass of the wet bone cement samples,
mf—mass of the bone cement samples after drying, and
m0—initial mass of the bone cement samples.

The degradation degree (DR) test involved the immersion of the bone cement samples
in solution of simulated body fluid (SBF) at 37 ◦C for 1, 3, 5, 7, 14, 21, and 28 days,
respectively. The SBF with an ionic composition similar to human blood plasma was
prepared in the laboratory (SBF chemical composition: 8.035 g/L NaCl; 0.355 g/L NaHCO3;
0.225 g/L KCl; 0.231 g/L K2HPO4•3H2O; 0.311 g/L MgCl2•6H2O; 39 mL 1M HCl; 0.292
g/L CaCl2; 0.072 g/L Na2SO4; 6.118 g/L Tris-NH2C(CH2OH)3; substances were purchased
from Sigma Aldrich, Taufkirchen, Germany). In addition, at each time interval, the samples
were removed from the medium, weighed, and kept in a desiccator until they reached a
constant mass. Degradation rates (DR) of the experimental samples were determined with
the formula:

DR (%) =

(m0 −m f

mo

)
× 100, (2)

where:

mf—mass of the bone cement samples after drying; and
m0—initial mass of the bone cement samples.

Antimicrobial tests. Microbial strains used in the experiments were represented by
standard strains of Staphylococcus aureus ATCC 25923, Pseudomonas aeruginosa ATCC 27853,
and Candida albicans ATCC 10231. To avoid the impact of contaminants on the experiment,
the samples were previously sterilized by UV radiation (Benchmark Scientific, Sayreville,
NJ, USA), for 30 min.

The qualitative screening was performed using an adapted spot diffusion method as a
standardized method recommended to investigate the antimicrobial activity of different
compounds, including antibiotics (according with Performance Standards for Antimicro-
bial Susceptibility Testing, Clinical and Laboratory Standard Institute 2021). Microbial
suspensions of 1.5 × 108 CFU/mL (corresponding to 0.5 McFarland density), obtained
from 24 h microbial cultures developed on corresponding agar media, were used in the
experiments. Petri dishes with Muller Hinton agar (for bacterial strains) and Sabouraud
agar (for yeast strain) were seeded with microbial inoculums. Subsequently, samples of
bone cements with a diameter of 1 cm were placed on the surface of the medium and
gently pressed to be in direct contact with the medium. After their free diffusion, the plates
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were incubated for 16–18 h at room temperature. The sensitivity of microbial strains was
assessed by measuring the diameters of the inhibition zones around the bone cements
samples and expressing them in “mm”.

Bacterial adherence assay using viable cell count method. Quantitative assessment
of the capacity of the selected strains to adhere on the surface of the tested samples was
performed using the 24 multi-well plates. Overnight bacterial cultures of Staphylococcus
aureus ATCC 25923, Pseudomonas aeruginosa ATCC 27853, and Candida albicans ATCC
10231 were diluted in fresh nutrient broth media at 1.5 × 105 CFU/mL final density.
Two millilitres of the obtained suspension were seeded in 24 multi-well plates containing
the treated materials, previously sterilized by UV irradiation. The plates were incubated
at 37 ◦C, for 24, 48, and 72 h, the period during which bacterial cells are multiplied and,
after reaching a threshold density, begin to adhere to the surface of the treated material and
generate monospecific biofilm. For the adherence assay, after the incubation period, the
materials were gently washed with sterile phosphate buffered saline (PBS, Sigma-Aldrich,
St. Louis, MO, USA) in order to remove the non-adherent microbial cells and placed
in 14 mL centrifuge tubes containing 1 mL of sterile PBS. The samples were vigorously
mixed by vortexing for 1 min and sonicated for 10 s. Serial dilutions obtained from each
sample were inoculated on LB agar plates in triplicates, and viable cell counts (VCCs) were
assessed after incubation at 37 ◦C, for 24 h [34].

Evaluation of biocompatibility properties of experimental bone cements samples.
The human MG-63 cell line (ATCC CRL-1427, Manassas, VA, USA, Sigma-Aldrich) were
used to evaluate the biocompatibility of 5 types of bone cement samples. Human MG-63
cell line is a stable Human osteosarcoma cell line and provides representative models
to study the cytotoxicity of acrylic bone cement extracts to fabricate three-dimensional
(3-D) niches and to study the cell viability, adhesion, and proliferation (product recommen-
dations) [47]. The cells were cultured in Dulbecco′s Modified Eagle′s Medium (DMEM)
medium (Sigma-Aldrich, MO, USA) supplemented with 10% fetal bovine serum, 1% peni-
cillin, and 1% streptomycin antibiotics (Sigma-Aldrich, St. Louis, MO, USA). To maintain
optimal culture conditions, medium was changed twice a week. The biocompatibility
was assessed using MTT assay (Vybrant® MTT Cell Proliferation Assay Kit, Thermo Fis-
cher Scientific, Waltham, MA, USA). The viable cells reduce yellow tetrazolium salt MTT
(3-(4,5 dimethylthiazole)-2,5-diphenyltetrazolium bromide) to a dark blue formazan via
mitochondrial enzymes. Briefly, MG-63 cells were grown in 24-well plates, with a seeding
density of 10.000 cells/well in the presence of bone cements for 72 h. Then, 15 mL of
Solution I was added and incubated at 37 ◦C for 4 h. Solution II was added and pipettes
vigorously to solubilise formazan crystals. After 1 h, the absorbance was read using
spectrophotometer at 570 nm (TECAN Infinite M200, Männedorf, Switzerland).

Fluorescent microscopy for tracing of living cells. The biocompatibility between the
bones cements samples and human MG-63 cell line was also evaluated based on fluorescent
microscopy using RED CMTPX fluorophore (Thermo Fischer Scientific, MA, USA). The
CMTPX tracker was added in cell culture in the presence of bone cements, and the viability
and morphology of the cells was evaluated after 5 days. The CMTPX fluorophore was
added in the culture medium at a final concentration of 5 µM and incubated for 30 min in
order to allow the dye penetration into the cells. Next, the cells were washed with PBS and
visualized by fluorescent microscopy. The photomicrographs were taken with Olympus
CKX 41 digital camera driven by Cell Sense Entry software (Olympus, Tokyo, Japan).

Alizarin Red assay. To quantify the osteogenic potential of bone cements samples,
MG-63 cells were cultivated for 21 days in the presence of bone cement samples and stained
with Alizarin Red dye. The cells were fixed with paraformaldehyde (4%, 2 h), washed
three times with PBS, and then incubated with 40 nmol/L Alizarin Red S. This dye binds
to calcium crystals in cells or matrix fibres, revealing a red colour. Unbound solution was
washed out under gentle rocking. Bound dye was then released from the cells using 10%
acetic acid incubation (1h), followed by neutralization with 10% ammonium hydroxide.
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The concentration of dye in solution was then quantified using absorbance spectroscopy at
405 nm wavelength (TECAN Infinite M200, Männedorf, Switzerland).

3. Results and Discussion
3.1. SEM Analysis

In Figure 2, the morphologies of the obtained bone cements sample revealed by SEM
microscopy images and corresponding EDS spectra are presented. The SEM analysis
revealed that, after hardening, all the bone cements materials displayed the well-known
microstructure typical for PMMA-based cements, in which four phases are highlighted:
beads from the polymer powder; pores; the polymerized monomer; and the radiopaci-
fying element, in this case, barium sulphate (BaSO4) [48–51]. SEM images show a good
dispersion of the barium sulphate and antimicrobial additives into the PMMA-PBMA
matrix (poly(methyl methacrylate)-poly(butyl methacrylate) matrix). A slight tendency of
antimicrobial agents to form agglomerates can be observed, mostly in the bone cements
samples containing 4% silver nanoparticles (sample AM2). The EDS analysis supports
this observation and highlights the presence of the majority elements, C and O, from
the two polymer phases; Ba and S from the composition of the radiopacifying element,
respectively; and Ag, P, Ca, and Mg from HAp and silver nanoparticles incorporated in a
ceramic glass matrix.

3.2. Contact Angle

The behaviour regarding the wettability of the surface is influenced by the type of
antimicrobial additives used, as can be seen in Figure 3. For testing, 3 types of liquids
were used, namely: water, di-iodomethane (DIM), and ethylene glycol (EG). The behaviour
regarding the wettability of the surface is influenced by both the type of sample and the
type of liquid used, as can be seen in Table 2. The most hydrophobic character can be
observed in the case of the GM sample, which is more accentuated than in the case of the
reference sample. The HUM, AM1, and AM2 samples have a more hydrophilic character,
which is caused by the ceramic components (hydroxyapatite and ceramic glass) that have
been added with the respective antimicrobial agents. It is known as the optimal contact
angle value for cell adhesion 55◦ and for bone regeneration values between 35–80◦ [52,53].
All additives used kept the contact angle values within the desired limits so that they
remain hydrophilic.

3.3. Hydration Degree

Water absorption can influence the mechanical properties of bone cement because the
fluid acts as a plasticizer inside the polymer matrix. In addition, water absorption can lead
to the dissolution and release of water-soluble materials from the bone cement composition,
such as antimicrobial agents or residual monomer. The absorbed water can lighten internal
strains and allow the extraction of residual monomer and added additives. Moreover,
water can penetrate more easily into a porous, heterogeneous structure with the interface
area between the polymer and filler well-defined. The more heterogeneous areas in the
structure of the material are the many spaces through which water can be accumulated.
Figure 4 graphically represents the evolution of the hydration degree (Ha) evaluated in
distilled water at a temperature of 37 ◦C over a period of 21 days, for all experimental
samples obtained from bone cements based on PMMA.
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Figure 2. Representative SEM images and corresponding EDS spectra obtained from the highlighted areas of the experi-
mental samples: (a) R sample; (b) GM sample; (c) HUM sample; (d) AM1 sample; (e) AM2 sample.

Table 2. Contact angle values for experimental bone cement samples.

R GM HUM AM1 AM2

Contact angle,
8[◦], water 71 85 58 55 67

Contact angle,
8[◦], DIM 27 40 31 51 41

Contact angle,
8[◦], EG 57 50 50 53 46
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Figure 4. Variation of hydration degree over a period of 21 days in distilled water, at 37 ◦C, for experimental bone
cements samples.

The results show an increase in the hydration degree (Ha) of bone cements with the
addition of antimicrobial agent and the amount of antimicrobial agent in AM1 and AM2

175



Materials 2021, 14, 7031

samples. Compared to the standard sample R, the values of the hydration degree (Ha)
increased less in the case of the sample with gentamicin (GM sample). The largest amount
of water is subsequently absorbed during the first 7 days after immersion; the values
remain almost constant in the case of the reference R, GM, and HUM samples. A variation
is observed in the case of samples containing silver nanoparticles in a dose-dependent
manner. After exposure of the investigated bone cement samples to distilled water, no
significant change in their structure was observed (Figure 5).
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distilled water.

3.4. Degradation Degree

Figure 6 shows the variation of the degradation rate (DR) over a period of 28 days in
simulated body fluid (SBF) at a temperature of 37 ◦C, for the investigated bone cements
samples. After 28 days of exposure to SBF solution, the slight weight losses were observed
for GM samples, while the reference sample (R) has a constant degradation rate (DR). An
increase in the degradation rate was observed for samples containing peppermint essential
oil as additive. Following the exposure to the SBF solution, some particles could have been
removed from the matrix of bone cements or dissolved, which led to a reduction in weight.
In the case of samples containing silver nanoparticles, up to 28 days, no degradation
process is observed, but only a continuous absorption process.
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Figure 6. Variation of degradation rate over a period of 28 days in SBF, at 37 ◦C, for experimental PMMA bone cements.

Exposure of the investigated bone cement samples to the SBF solution did not sig-
nificantly affect their structure. EDS analysis showed the presence of C, O, S, and Ba
(Figure 7).

The results recorded for the hydration degree (Ha) and the degradation rate (DR)
are consistent with the results obtained by evaluation of the wettability of surfaces by
determining the contact angle.

3.5. Antimicrobial Tests Results

Placing the samples in contact with the culture medium inoculated with the cell
suspensions allowed the qualitative evaluation of the antimicrobial effect. The experimental
tests showed that bone cement sample loaded with gentamicin (GM) expressed a clear
inhibition zone only towards bacterial strains, being used as positive control for bone
cement samples loaded with other different antimicrobial agents. In the same time, the
HUM sample (loaded with 5% peppermint essential oils active components) and AM2
sample (loaded with 4% antimicrobial additive) showed their inhibitory effect, generating
clear inhibition zones with diameters compared to those of the GM control sample: 25 mm
for Staphylococcus aureus ATCC 25923 and 20 mm for Pseudomonas aeruginosa ATCC 27853
(Figure 8). The lowest sensitivity was expressed by the Candida albicans ATCC 10231 fungus
strains; in this case, all the tested samples, including GM control sample, do not show any
inhibition zone (Figure 9).

177



Materials 2021, 14, 7031Materials 2021, 14, x FOR PEER REVIEW 13 of 19 
 

 

 
Figure 7. Morphological aspects revealed by SEM and elemental surface analysis by EDS of the 
experimental PMMA bone cements after 28 days in SBF. 

The results recorded for the hydration degree (Ha) and the degradation rate (DR) are 
consistent with the results obtained by evaluation of the wettability of surfaces by deter-
mining the contact angle. 

3.5. Antimicrobial Tests Results 
Placing the samples in contact with the culture medium inoculated with the cell sus-

pensions allowed the qualitative evaluation of the antimicrobial effect. The experimental 
tests showed that bone cement sample loaded with gentamicin (GM) expressed a clear 
inhibition zone only towards bacterial strains, being used as positive control for bone ce-
ment samples loaded with other different antimicrobial agents. In the same time, the 
HUM sample (loaded with 5% peppermint essential oils active components) and AM2 
sample (loaded with 4% antimicrobial additive) showed their inhibitory effect, generating 
clear inhibition zones with diameters compared to those of the GM control sample: 25 mm 
for Staphylococcus aureus ATCC 25923 and 20 mm for Pseudomonas aeruginosa ATCC 27853 
(Figure 8). The lowest sensitivity was expressed by the Candida albicans ATCC 10231 fun-
gus strains; in this case, all the tested samples, including GM control sample, do not show 
any inhibition zone (Figure 9). 

Figure 7. Morphological aspects revealed by SEM and elemental surface analysis by EDS of the experimental PMMA bone
cements after 28 days in SBF.

Materials 2021, 14, x FOR PEER REVIEW 14 of 19 
 

 

  
(a) (b) 

Figure 8. Antibacterial property evaluation for the experimental PMMA bone cements: (a) growth 
inhibition zone for Gram-positive strain Staphylococcus aureus ATCC 2592; (b) growth inhibition 
zone for Gram-negative strain Pseudomonas aeruginosa ATCC 27853, after 72 h of incubation. 

 
Figure 9. Contact of experimental PMMA bone cements towards Candida albicans ATCC 10231. 

Quantitative assessment of the capacity of the selected strains to adhere and generate 
biofilm on the surface of the tested samples was performed using viable cell count 
method. The CFU/mL values were determined for the biofilms developed in 24, 48, and 
72 h, on the inert substrate represented by the bone cement samples. Analysing the data 
presented in Figure 10, it can be observed that the MIC values corresponding to the AM2 
and HUM samples decreased significantly, by more than 4 logarithmic units, compared 
to the R control sample, for all selected bacterial strains and at all 3 incubation times, but 
did not reach the MIC values of GM control samples. These results show that, although 
the bacterial cells poorly adhered to the surface of the bone cement after 24 incubations, 
they could not develop a mature biofilm, and the decrease in CFU/mL values after 48 and 
72 h of incubation was not significant compared to 24 h. Instead, the capacity of the fungus 
strain Candida albicans to adhere and generate biofilm was significantly inhibited, register-
ing the lowest values of CFU/mL, starting with 24 h, being the most sensitive tested strain. 

Figure 8. Antibacterial property evaluation for the experimental PMMA bone cements: (a) growth
inhibition zone for Gram-positive strain Staphylococcus aureus ATCC 2592; (b) growth inhibition zone
for Gram-negative strain Pseudomonas aeruginosa ATCC 27853, after 72 h of incubation.

178



Materials 2021, 14, 7031

Materials 2021, 14, x FOR PEER REVIEW 14 of 19 
 

 

  
(a) (b) 

Figure 8. Antibacterial property evaluation for the experimental PMMA bone cements: (a) growth 
inhibition zone for Gram-positive strain Staphylococcus aureus ATCC 2592; (b) growth inhibition 
zone for Gram-negative strain Pseudomonas aeruginosa ATCC 27853, after 72 h of incubation. 

 
Figure 9. Contact of experimental PMMA bone cements towards Candida albicans ATCC 10231. 

Quantitative assessment of the capacity of the selected strains to adhere and generate 
biofilm on the surface of the tested samples was performed using viable cell count 
method. The CFU/mL values were determined for the biofilms developed in 24, 48, and 
72 h, on the inert substrate represented by the bone cement samples. Analysing the data 
presented in Figure 10, it can be observed that the MIC values corresponding to the AM2 
and HUM samples decreased significantly, by more than 4 logarithmic units, compared 
to the R control sample, for all selected bacterial strains and at all 3 incubation times, but 
did not reach the MIC values of GM control samples. These results show that, although 
the bacterial cells poorly adhered to the surface of the bone cement after 24 incubations, 
they could not develop a mature biofilm, and the decrease in CFU/mL values after 48 and 
72 h of incubation was not significant compared to 24 h. Instead, the capacity of the fungus 
strain Candida albicans to adhere and generate biofilm was significantly inhibited, register-
ing the lowest values of CFU/mL, starting with 24 h, being the most sensitive tested strain. 

Figure 9. Contact of experimental PMMA bone cements towards Candida albicans ATCC 10231.

Quantitative assessment of the capacity of the selected strains to adhere and generate
biofilm on the surface of the tested samples was performed using viable cell count method.
The CFU/mL values were determined for the biofilms developed in 24, 48, and 72 h, on
the inert substrate represented by the bone cement samples. Analysing the data presented
in Figure 10, it can be observed that the MIC values corresponding to the AM2 and HUM
samples decreased significantly, by more than 4 logarithmic units, compared to the R
control sample, for all selected bacterial strains and at all 3 incubation times, but did
not reach the MIC values of GM control samples. These results show that, although the
bacterial cells poorly adhered to the surface of the bone cement after 24 incubations, they
could not develop a mature biofilm, and the decrease in CFU/mL values after 48 and 72 h of
incubation was not significant compared to 24 h. Instead, the capacity of the fungus strain
Candida albicans to adhere and generate biofilm was significantly inhibited, registering the
lowest values of CFU/mL, starting with 24 h, being the most sensitive tested strain.
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Figure 10. Graphical representation of CFU/mL values evaluating the ability of the tested strains to adhere and to develop
monospecific biofilm in 24, 48, and 72h, on the surface of the experimental PMMA bone cements.
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3.6. MTT Assay Results

The tested bone cement samples stimulated cellular metabolism, with a significant
increase in proliferation compared to the control (CTRL). The MTT assay revealed that
all bone cements tested had no cytotoxic effect, with the absorbances values being higher
compared to the control sample. Moreover, GM caused the strongest increase in cell
proliferation (236%), followed by the AM2 (167%), R (157%), HUM (151%), and AM1
(139%) at 24 h (Figure 11). After 48 h in the presence of bone cements, MG-63 cells remain
viable, with cell proliferation being more uniform between the samples than that recorded
at 24h. At 72 h, the highest proliferation rate was observed in HUM (160%), followed by
AM2 (155%), R (29%), GM (129%), and AM1 (107%).
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Figure 11. MTT assay showing the viability of MG-63 cells in the presence of the experimental PMMA
bone cements after 24, 48, and 72 h.

After 5 days, in the presence of bone cements, the MG-63 cells showed normal mor-
phology with a fibroblast-like characteristic appearance. Fluorescence images showed that
MG-63 cells were viable, and no dead cells nor cell fragments were observed. Moreover, the
cells formed phylopodia to move and establish contacts with neighboring cells, suggesting
that MG-63 cells exhibited an active phenotype (Figure 12).

The osteogenic potential of bone cements onMG-63 cells was quantified using Alizarin
Red assay. This test is used to stain, or locate, calcium deposits in cells and tissues, when
Alizarin Red binds to the calcium to form a pigment that is orange to red in colour.

After 21 days, in the presence of bone cements, the MG-63 cells have increased their
osteogenic potential. This was demonstrated by an increase in calcium deposits in all
samples compared with the control. The quantification of calcium deposits ranged between
0.034 in control and 0.086 in AM2. The other cements have the following values: 0.072 for
R, 0.073 for AM1, 0.082 for GM, and 0.074 HUM, respectively (Figure 13).
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Figure 12. Fluorescence images of MG-63 cells coloured with CMTPX fluorophore in the presence of experimental PMMA
bone cements.

Materials 2021, 14, x FOR PEER REVIEW 16 of 19 
 

 

After 5 days, in the presence of bone cements, the MG-63 cells showed normal mor-
phology with a fibroblast-like characteristic appearance. Fluorescence images showed 
that MG-63 cells were viable, and no dead cells nor cell fragments were observed. More-
over, the cells formed phylopodia to move and establish contacts with neighboring cells, 
suggesting that MG-63 cells exhibited an active phenotype (Figure 12). 

 
Figure 12. Fluorescence images of MG-63 cells coloured with CMTPX fluorophore in the presence of experimental PMMA 
bone cements. 

The osteogenic potential of bone cements onMG-63 cells was quantified using Aliza-
rin Red assay. This test is used to stain, or locate, calcium deposits in cells and tissues, 
when Alizarin Red binds to the calcium to form a pigment that is orange to red in colour. 

After 21 days, in the presence of bone cements, the MG-63 cells have increased their 
osteogenic potential. This was demonstrated by an increase in calcium deposits in all sam-
ples compared with the control. The quantification of calcium deposits ranged between 
0.034 in control and 0.086 in AM2. The other cements have the following values: 0.072 for 
R, 0.073 for AM1, 0.082 for GM, and 0.074 HUM, respectively (Figure 13). 

 
Figure 13. Alizarin Red assay showing the osteogenic potential of experimental PMMA bone ce-
ments on MG-63 cells. 

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

0.1

R AM1 AM2 GM HUM CTRL

Ab
so

rb
an

ce
 (4

05
 n

m
)

Tested samples

AM1 AM2 GM 

R HUM  CTRL 

Figure 13. Alizarin Red assay showing the osteogenic potential of experimental PMMA bone cements on MG-63 cells.

4. Conclusions

The addition of antimicrobial agents did not induce structural changes in the devel-
oped novel PMMA bone cement samples. All experimental specimens possessed a typical
structure and morphology for PMMA bone cements, with a slight tendency to form ag-
glomerates, mostly in the PMMA bone cements samples containing 4% silver nanoparticles.
Wettability measured by contact angle decreased by adding the antimicrobial agents, except
in the case of the PMMA bone cements modified with gentamicin. All additives used
kept the contact angle values within the desired limits and showed good cell adhesion.
Exposure of the experimental PMMA bone cement samples to the water and SBF solution
did not significantly affect their structure. The addition of antimicrobial agents did not
significantly affect the hydration and degradation degree of the PMMA bone cements.
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The antimicrobial properties have been demonstrated for the GM, HUM, and AM2
samples, which generated clear inhibition zones towards Staphylococcus aureus ATCC
25923 and Pseudomonas aeruginosa ATCC 27853.It was observed that not only the type
of antimicrobial agent is important but also the amount used. Staphylococcus aureus and
Pseudomonas aeruginosa are known to be clinically relevant pathogens associated with bone
infection and intrinsic drug resistance, respectively. In terms of biocompatibility assessed
by the MTT test using human MG-63 cells, all cements are biocompatible without any
cytotoxicity effect. The performance of bone cements with peppermint essential oil and
silver nanoparticles against these two pathogens suggests that these antibacterial additives
look promising to be used in clinical practice against bacterial infection.
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Abstract: Monitoring human health for early detection of disease conditions or health disorders
is of major clinical importance for maintaining a healthy life. Sensors are small devices employed
for qualitative and quantitative determination of various analytes by monitoring their properties
using a certain transduction method. A “real-time” biosensor includes a biological recognition
receptor (such as an antibody, enzyme, nucleic acid or whole cell) and a transducer to convert the
biological binding event to a detectable signal, which is read out indicating both the presence and
concentration of the analyte molecule. A wide range of specific analytes with biomedical significance
at ultralow concentration can be sensitively detected. In nano(bio)sensors, nanoparticles (NPs) are
incorporated into the (bio)sensor design by attachment to the suitably modified platforms. For
this purpose, metal nanoparticles have many advantageous properties making them useful in the
transducer component of the (bio)sensors. Gold, silver and platinum NPs have been the most
popular ones, each form of these metallic NPs exhibiting special surface and interface features, which
significantly improve the biocompatibility and transduction of the (bio)sensor compared to the same
process in the absence of these NPs. This comprehensive review is focused on the main types of NPs
used for electrochemical (bio)sensors design, especially screen-printed electrodes, with their specific
medical application due to their improved analytical performances and miniaturized form. Other
advantages such as supporting real-time decision and rapid manipulation are pointed out. A special
attention is paid to carbon-based nanomaterials (especially carbon nanotubes and graphene), used
by themselves or decorated with metal nanoparticles, with excellent features such as high surface
area, excellent conductivity, effective catalytic properties and biocompatibility, which confer to these
hybrid nanocomposites a wide biomedical applicability.

Keywords: metal nanoparticles; carbon-based nanomaterials; screen-printed electrodes; electrochem-
ical (bio)sensors; biomedical applications

1. Introduction

The development of sophisticated and miniaturized devices for sensing a broad
range of biological molecules emerged as an imperative strategy for real-time diagnosis
of different diseases and effective management of disease progression, based on rapid
diagnostics, smart data analysis and statistical informatics analysis. The fabrication of
smart devices based on bio-nanomaterials are considered the result of a transdisciplinary
work from the materials science to the medical field, as the target analytes recognized
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by these devices are proteins, enzymes, antibodies, DNA/RNA probes, microorganisms,
which can be detected with high sensitivity, accuracy and low detection limits [1]. The bio-
detection system can be designed as bio-catalytic or bio-affinity-based system, according to
the biochemical mechanism involved in the recognition: In the first case, the bioreceptor
(proteins, enzymes, cells) undergoes a catalytic reaction with the analyte, while in the
second case, a specific binding mechanism of the bioreceptor (aptamer, antibody) and
analyte leads to an equilibrium [2]. According to the transduction pathways, the biosensors
can be classified as: electrochemical, piezoelectric, optoelectronic and calorimetric.

The concept of nano(bio)sensors is related to nanostructures which are often incorpo-
rated into the (bio)sensor by attachment to a suitably modified platform. Nanoparticles
and nanomaterials offer excellent properties for designing sensing systems with enhanced
performances. Incorporating them in transducers, by attachment to a suitable modified
platform, a high surface area can be achieved by tailoring their size and morphology, and
hence, producing (bio)sensors with greater sensitivity and shorter response time. Hybrid
materials and nanocomposite structures consisting of metallic NPs, combined with particu-
lar conductive polymers and a modified electrode, have been designed for electrochemical
sensing, owing to their unique combination of biocompatibility, large surface area, and
good conductivity [3,4]. The output of the sensing nano-platform can be connected to
wireless devices for signal processing on a smart phone. Hence, these nano-devices could
be easily handled and used as implantable devices in the body for health monitoring.

A nanomaterial is defined according to the European Commission as “a natural,
incidental or manufactured material containing particles, in an unbound state or as an
aggregate or as an agglomerate and for 50% or more of the particles in the number size
distribution, one or more external dimensions is in the size range 1 nm–100 nm. In specific
cases where warranted by concerns for the environment, health, safety or competitiveness,
the number size distribution threshold of 50% may be replaced by a threshold between
1% to 50%” [5].

The original, innovative and complex configuration of this review combines the
theoretical general aspects about metal nanoparticles, carbon-based nanomaterials and
SPEs with their biomedical applications including the actual COVID-19 pandemic. The
evolution from printable towards wearable sensors is also emphasized as the most recent
and modern generation of sensing systems in healthcare. This review is focused on the
electrochemical nano(bio)sensors based on screen-printed electrodes (SPEs), in which
transduction is based on electrochemical techniques, while metal NPs and carbon-based
nanomaterials are used as modifiers to improve the analytical performances. Each type
of nano(bio)sensor is described in terms of the constituent nanostructures mentioning
the large range of biomedical targets such as pathogens, cancer biomarkers and other
relevant biomolecules, and also pharmaceutical compounds, analysis performed in the
traditional laboratories or in-to-the-field (in-situ detection). Not the least, considering that
intelligent diagnostics tools are urgently required to manage the COVID-19 pandemic, we
present in this review recent approaches related to nanomaterials and SPEs in COVID-19
diagnosis, prevention and therapy. Some recent advances concerning the wearable sensors
as non-invasive diagnostics tools for personalized healthcare management are mentioned.

2. Metal Nanoparticles

The capability to produce metal nanoparticles in the same size domain as proteins
(1 to 100 nm) has led to a wide range of applications in the biomedical field. Their unique
properties such as large surface to volume ratio and high percentage of atoms/molecules
on the surface, can be exploited to improve the sensing and detection of several important
biomolecules in healthcare-related fields. Metal NPs can be used alone and in combination
with other nanostructures, with the aim of signal amplification, higher sensitivity and great
improvements in the detection and quantification of different biomolecules. Actually, the
role of metallic NPs in biosensing is directly related to their physico-chemical properties
and changes that occur after binding the biomolecular analyte on the surface: (1) role as
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immobilizing platforms, (2) accelerating electron transfer, (3) catalyzing the chemilumi-
nescent reaction with their substrates, (4) amplifying changes in mass, and (5) enhancing
changes in refractive index [2].

Nanoparticles have physical and chemical properties that differ from those of the
materials from which they are obtained. For example, metallic nanoparticles have a melting
point significantly lower than that of the precursor metal: AuNPs melt at a temperature of
around 300 ◦C (for 2.5 nm nanoparticles), compared to metallic Au whose melting point
is 1064 ◦C [6]. Even the absorption of solar radiation is superior for NPs compared to
thin metal sheets. AuNPs are also colored in solution from deep red to black. Moreover,
metals are chemically inert in their macroscale form, while at nanoscale, their unique
physicochemical features are remarkable. So far, a wide variety of metal/metal oxide
nanoparticles has been synthesized for multiple applications: noble metals NPs (gold,
silver and platinum NPs—used in biosensors, therapy, drug delivery, etc.), copper NPs,
palladium NPs, lead NPs, selenium NPs, and metal oxide NPs (copper oxide, titanium
dioxide, zinc oxide, indium oxide, iron oxide, etc.) (Figure 1) [7–20].

Figure 1. Microscopic images of some metal nanoparticles (1a—SEM image of TiO2 NPs, 1b—SEM image of TiO2 doped
with SeNPs; 2a—TEM image of SeNPS; 2b—AFM image of SeNPs; 3a—SEM image of AuNPs, 3b—AFM image of AuNPs),
carbon-based nanomaterials (4a—SEM image of MWCNTs, 4b—AFM image of MWCNTs; 5a—SEM image of graphene,
5b—AFM image of graphene) and hybrid nanocomposite (6a—SEM image of graphene + AuNPs, 6b—AFM image of
graphene + AuNPs) (original images).

Different synthesis methods (bottom-up approach, top-down approach) have been
developed in order to fabricate NPs with suitable features such as homogeneity, size
and shape control, and versatile surface properties. Chemical, physical and biological
fabrication route are currently employed, each of them with its own advantages and
disadvantages (Figure 2).
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Figure 2. Schematic representation of main synthesis methods of metal NPs and carbon-based
nanomaterials.

Chemical methods include chemical or photochemical reduction, co-precipitation,
thermal decomposition, hydrolysis and sol-gel method, these being the simplest methods
used for preparation of metal nanoparticles. Usually, a metal precursor is reduced and
in some cases a stabilizer is added to avoid NPs agglomeration. As a main advantage,
desired size and shape nanoparticle can be prepared by this route, but on the other hand,
the processes are difficult to control and there are drawbacks related to the reducing agents
in terms of toxicity, poor reducing ability, high costs of reagents and impurities [13,21–25].
In the recent years, the electrochemical methods became a powerful tool for NPs synthesis
due to their advantages: Facile, cost-effective, quick, highly efficient and environmental
friendliness leading to NPs with high purity, controlled size, shape and composition
(multimetallic NPs have been electrodeposited) by adjusting some parameters (potential,
time, current density, number of scans, etc.) [26–29].

Physical methods include mechanical milling, grinding, vapor deposition, laser abla-
tion, sputtering, spray pyrolysis, microwave irradiation, dissolution in supercritical fluids
coupled with thermal reduction, etc. These are potentially clean techniques and the advan-
tages consist in the possibility to produce thin metal films, while the nanoparticle properties
such as surface morphology and crystal structure can be controlled. The disadvantages are
generally related to the expensive instruments and specific operating requirements [30–34].

Biological methods are considered green synthesis methods, an emerging trend of
nanotechnology, developed to overcome safety issues with respect to health and environ-
ment. For this purpose, plants, algae, fungi and different microorganisms (bacteria, viruses)
are largely employed. The NPs size and morphology are influenced by the concentration
of the biological partner, the growth phase of cells, the concentration of the metal ion,
the pH of the solution, the temperature and the reaction time. These techniques have
multiple advantages over other physical and chemical methods, such as cost effectiveness,
eco-friendliness, and are easily scaled up for large scale production. Moreover, it does not
involve sophisticated instruments or use of high pressure, energy, temperature and toxic
reagents [19,25,35–38].
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Concerning the biocompatibility of the metal NPs, the biological (and biotechnological)
methods are considered to produce non-toxic, biocompatible and well-defined NPs. The use
of various biomolecules for the NPs encapsulation was also an approach for increasing their
biocompatibility and determining their mechanism of action, the modified and the spherical
NPs presented lower toxicity [39,40]. The cellular uptake of metal NPs by endocytosis
depends on their physico-chemical properties (type, size, shape, surface properties, dose).
The biocompatibility assessment is achieved by using qualitative and quantitative analysis
(based on cell staining and dye-conversion assays) [39].

The NPs characterization is achieved by various techniques such as: transmission
electron microscopy (TEM), scanning electron microscopy (SEM), atomic force microscopy
(AFM), X-ray diffraction (XRD), energy dispersive X-ray analysis (EDAX), X-ray fluores-
cence (XRF), Fourier-transform infrared spectroscopy (FTIR), ultraviolet-visible spectroscopy
(UV–Vis), dynamic light scattering (DLS), Zeta potential analysis, electrochemistry, etc.

Various metallic nanoparticles are currently used in (bio)sensors fabrication, noble
metals NPs such as gold, silver and platinum NPs being the most popular ones. Below
we will focus on these three types of NPs, but also on other metal/metal oxide NPs also
applied in (bio)sensing.

2.1. Gold Nanoparticles (AuNPs)

AuNPs, or colloidal gold, can be easily synthesized in sizes ranging between 3 and
100 nm in diameter, with different shapes. In a recent paper, De Souza et al. [41] presented a
comprehensive review of the methodologies used in the synthesis of gold nanoparticles by
chemical reduction, including the Turkevich method, synthesis with NaBH4 with/without
citrate; the seeding-growth method; synthesis by ascorbic acid; green synthesis; the Brust–
Schiffrin synthesis; and synthesis using other reducing agents. The most used method
to synthesize quasi-spherical gold NPs is the chemical reduction of Au3+ and Au+ to
Au0 ions using different reducing agent (sodium citrate, borohydrides, citric and oxalic
acids, polyols, hydrogen peroxide, sulfites, etc.). HAuCl4 is the chosen precursor salt in
most of the reported studies, in which gold is in the Au3+ oxidation state [42]. The use
of a stabilization agent is necessary, often being the same molecule that of the reduction
agent. The electrochemical synthesis of AuNPs is an often-employed method in the case of
electrochemical sensor development where the optimization of the electrochemical method
parameters influences the size (20–40, 30–80, 90 nm, deposition by cyclic voltammetry,
amperometry) and the layer thickness of the electrodeposited NPs [10,43–45].

Nowadays, a special attention is paid to green synthesis methods, and therefore
numerous research groups all over the world were focus on this field. The metal NPs
biosynthesis from plants can be an efficient method for the development of a fast and eco-
logical technology [37]. As a vegetal resource, amino acids, enzymes, flavonoids, aldehydes,
ketones, amines, carboxylic acids, phenols, proteins and alkaloids can be successfully used
to provide electrons to reduce Au3+ or Au+ into gold nanoparticles, the reaction being
dependent on plant extract concentration, metal salt, reaction pH, temperature and in-
cubation time. It is well known that the primary and secondary metabolites of plant are
consistently involved in redox reactions of metabolic pathways. Trigonella foenum-graecum,
Hibiscus extract, Elettaria cardamomum, Garcinia cambogia, Areca catechu and Chenopodium
album are only few examples of plant extracts successfully employed to produce small
AuNPs with diameter less than 20–30 nm [41,46–50].

Different types of bacteria were reported in the synthesis of AuNPs, either by intracel-
lular or extracellular mechanisms, the production being initiated by tetrachloroaurate salt
(AuCl4−). Bacillus subtilis 168 strain was successfully employed to intracellularly reduce
Au3+ ions to AuNPs with the diameter range between 5–25 nm [30], while Rhodopseu-
domonas capsulata was found to successfully produce gold nanoparticles of different sizes
and shapes: Spherical gold nanoparticles with diameter in the range of 10–20 nm were
observed at pH = 7, gold nanoplates were observed at pH = 4 [51]. Other examples of
microorganisms assisting AuNPs production, showing pH and temperature dependent
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mechanisms are: Halomonas salina (spherical NPs 30 to 100 nm in diameter) [52], Delftia sp.
strain KCM-006 (spherically shaped AuNPs 11.3 nm diameter) [53], Bacillus subtilis 168 (oc-
tahedral 5–25 nm AuNPs inside the cell wall) [54], Stenotrophomonas sp. (multi-shaped
10–50 nm AuNPs, extracellular) [55], etc. In other studies, AuNPs and other metal NPs
have been obtained by using fungi (Aspergillus sp., Fusarium sp. and Penicillium sp.) [56–58],
viruses (Tabacco mosaic virus) and yeasts (Pichia jadinii).

It is generally accepted that the size, shape and function of the AuNPs are highly
influenced by the physical and chemical parameters of their synthesis: the temperature of
reaction, the stirring rate, the ratio of gold to reducing agent. In order to control the growth
of the crystal nanostructures, surfactants are often used as surface coating in nanopar-
ticles, as they have the ability to control the growth of nanocrystals to achieve desired
morphologies], and hence, surfactant coated nanoparticles will remain well dispersed in
relatively dilute solutions. For example, AuNPs protected by a compact shell of organo-
thiols, are stable for long periods of time, with the possibility to be redispersed in organic
solvents [59].

The biomedical applications of AuNPs are shape and size dependent. As emphasized
in several research papers, gold nanoparticles are suitable to be used in electrochemical
(bio)sensors design for a sensitive and selective detection of some important biomolecules,
taking advantage of their good electrical conductivity and high surface area, which provides
also a stable immobilization of various biomolecules retaining their bioactivity [7,10,60–69].
Other biomedical applications of gold nanorods and gold nanoparticles include to fight
against cancer cells in photothermal therapy [8,70,71] and drug delivery [12,72].

2.2. Silver Nanoparticles (AgNPs)

The major routes of AgNPs preparation are physical, chemical, and biological synthe-
sis, similar to AuNPs. Conventional physical methods for AgNPs fabrication are based
on the evaporation–condensation approach and laser ablation technique, which are very
efficient and moreover, they allow obtaining NPs with high purity, avoiding the use of
potentially toxic reagents. The size, shape and yield of the AgNPs can be tailored by
changing the parameters of the tube furnace (gas temperature, pressure) in the case of the
evaporation-condensation technique, or laser power, duration of irradiation and liquid
media selected in the case of laser ablation [73,74].

Chemical methods or wet chemistry usually employs three main components: metal
precursors (metal salts), reducing agents (organic or inorganic), and stabilizing/capping
agents. By this simple route, the nucleation and subsequent growth of AgNPs can be
easily achieved. Silver nitrate AgNO3 is the most common salt used as precursor, while a
large variety of reducing agents, such as sodium citrate, ascorbate, sodium borohydride
(NaBH4), elemental hydrogen, Tollens reagent, N,N-dimethylformamide, poly(ethylene
glycol)-block copolymers, thyo-glycerol, hydrazine, ammonium formate, etc., are used
for the reduction of the silver ions (Ag+) in the aqueous or nonaqueous solutions [23,24].
Spherical AgNPs with diameter ranging from 10–100 nm were synthesized using ascorbic
acid, sodium citrate, NaBH4, thiosulfate and polyethylene glycol as the reducing agents,
while the surfactants such as citrate, polyvinylpyrolidone (PVP), cetyltrimethylammo-
nium bromide (CTAB) and polyvinyl alcohol (PVA) were employed in order to stabilize
particles and avoid sedimentation and agglomeration [75–77]. Optimized spherical and
hemispherical AgNPs were obtained, having a diameter less than 10 nm, by adjusting four
parameters: AgNO3 concentration, sodium citrate concentration, NaBH4 concentration and
the pH of the reaction [78] Well-dispersed silver nanorods were reported by Ojha et al. [79],
obtained by mixing the precursor solution of AgNO3 with citrate and adding NaOH or
NaBH4 while stirring, the surfactant being cetyltrimethylammonium bromide. The aspect
ratio (L/d) of the obtained nanorods (estimated from TEM) were 3.0 ± 0.1, 1.8 ± 0.1 and
1.1 ± 0.1, depending on the concentration of colloidal seed solution. Similarly, by adjusting
the reaction conditions, including the ratio of PVP to silver nitrate, reaction temperature
and seeding conditions, silver nanowires, with diameters ranging from 30 to 40 nm, and
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lengths up to ∼50µm, were reported when PVP was used as stabilizing agent [80]. Zhang
et al. reported the fabrication of silver triangular bipyramids by photoinduced reduction
of silver nitrate in the presence of sodium citrate, bis(p-sulfonatophenyl) phenylphos-
phine dihydrate dipotassium salt, adjusted by NaOH, under light irradiation (wavelength
range between 500–650 nm) [81]. There are many examples in literature reporting the
production of different shapes of silver nanoparticles synthesized with various chemical
reductants, highlighting the advantages of this method, such as ease of production, high
yield (contrary to physical methods, which have low yield), low cost. The main drawback
remains however, the use of chemical reducing agents is harmful to living organisms. The
electrochemical method (electrolysis) has been also employed for AgNPs synthesis using
sacrificial anode (Ag electrode) and AgNO3 as electrolyte or precursor leading to AgNPs
with size depending on the current density (10–50, 10–20, 20–80, 10–30 nm) [28,82–84].

Biologically-mediated synthesis of AgNPs emerged as a valuable option in order
to overcome the shortcomings of chemical methods, and similar to AuNPs biosynthesis,
bacteria, fungi, plant extracts, and small biomolecules were used as biological precursors
in the context of environmentally friendly approaches. Examples of currently reported
bacterial strains and fungi used for AgNPs synthesis are: Bacillus amyloliquefaciens [85],
Acinetobacter calcoaceticus [86], Pseudomonas aeruginosa [87], Escherichia coli [88], Brevibac-
terium casei [89] and Aspergillus sp., Fusarium sp., Penicillium sp., respectively [56,90,91]. On
the other hand, plant extracts (Aloe vera, Cocos nucifera, Ocimum tenuiflorum, Vitis vinifera,
Chenopodium album) rich in bio-compounds such as polysaccharides, tannins, saponins,
phenolics, terpenoids, flavones, alkaloids, proteins, enzymes, vitamins and amino acids
are largely available source of natural reagents for reduction processes involved in AgNPs
production [50,92–95]. Overall, the biological methods demonstrated a controlled particle
size, shape and mono-dispersity, while reducing time of preparation.

Similar to the AuNPs, AgNPs used in electrochemical (bio)sensors elaboration may
improve the limit of detection of target molecules due to its high thermal, chemical stabil-
ity, electrical conductivity, and catalytic activity [96–102]. Concerning other biomedical
applications, AgNPs also presents a strong antimicrobial activity [103,104].

2.3. Platinum Nanoparticles (PtNPs)

PtNPs are also produced by biological or synthetic methods to be used in the biomedi-
cal field [105]. The physical methods include evaporation and condensation, laser ablation,
solvothermal processes, all of them with advantages and disadvantages: high speed and
no use of toxic chemicals, purity, uniform size and shape, versus low productivity, high
cost, energy consuming, less thermal stability and high amount of waste. Chemical syn-
thesis techniques include the sol–gel process, pyrolysis, microemulsion, hydrothermal,
polyol synthesis and plasma chemical vapor deposition, in which metal precursors, cap-
ping or stabilizing agent, and reducing agent are the basic requirements. PtCl2, H2PtCl6,
Pt(NH3)4(NO3)2 are the preferred precursors, while reducing agents like ascorbate, sodium
borohydride, potassium bitartrate and trisodium are often used for the reduction process
in order to tailor the NPs size and shape [106]. The biological synthesis of PtNPs was
performed using different plants extracts (for example Ocimum sanctum, Pinus resinosa, Fu-
mariae herba), while Desulfovibrio desulfuricans and Acinetobacter calcoaceticus were reported
as bacterial routes to produce PtNPs by the reduction of Pt(IV) ion into Pt(0) NPs [107]. In
this case, the biosynthesis route offer advantages such as small size (2–3.5 nm), monodis-
persion, no toxicity, cost effectiveness, rapid synthesis and environmental friendliness,
but also drawbacks, being a laborious method, with relatively high cost, and less control
over the NPs size and shape. The electrochemical technique (cyclic voltammetry, am-
perometry) was also employed for PtNPs synthesis [43,108,109]. Despite the high cost
associated with its rarity in nature, PtNPs have various analytical applications (biosensors,
fuel cells etc.) [110–113].
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2.4. Other Metal/Metal Oxide Nanoparticles

Other metal NPs with attractive properties are: Palladium NPs and various binary
and ternary combination of metal NPs as oxides, sulfides or metallic form (Bi2S3, ZnO,
CuO, Co3N, Co3O4, Ni/ZnO, MoS2, IrO2, NiO, TiO2, PbS, Pd@Pt, Ni-Co@Pt, etc.) with dif-
ferent morphology (nanowires, nanosheets, nanofibers, nanoflakes, nanotubes, nanorods,
core-shell) [114,115]. They can act as electrocatalyst (bimetallic and trimetallic NPs have
synergic effect), but also are widely used as electrode modifiers with bioanalytical applica-
tions [116–121]. A special attention is paid to TiO2 nanomaterials due to some advantages:
Ti is a biocompatible and abundant material, TiO2 nanomaterials are chemically stable,
mechanically strong, highly uniform, having large surface area, with photo-catalytic prop-
erties and multi-functionalities, therefore TiO2 is often used as a supported material for
decoration with other metal NPs with many biomedical applications [17,122–124].

Another important class is the magnetic nanoparticles, which include metal oxides,
pure metals and magnetic nanocomposites, having various diagnostic and therapeutic
applications in biomedical field [125]. Those containing iron oxides coated in polymer are
the most used in bioanalysis due to their lower toxicity. Magnetic NPs are a powerful tool
used in the design of electrochemical immunosensors due to their properties: They can be
separated with an external magnet and then redispersed benefic for analytes separation
and concentration, they have a large surface area leading to increased immobilization
of biomolecules and facilitating the antigen-antibody reactions, controllable size, easy
functionalization, superparamagnetic behavior, good conductivity and good biocompat-
ibility [124,126]. A wide range of biomedical compounds have been analyzed by using
immunosensors based on magnetic beads with increased sensitivity and reduced matrix
effect [119–121,124,125].

The plenty advantages concerning the unique physical and chemical properties of
metal NPs corroborated with their nanometer size are responsible for their wide range of
biomedical applications (imaging, diagnostics, therapeutics). There still remains some chal-
lenges which should be addressed: Synthesis of the same size, agglomeration to be avoided,
uniform distribution on the electrode surface and safe and efficient in vivo applications.

3. Carbon-Based Nanomaterials

The extensive family of nanoscale carbonaceous materials includes: Carbon nan-
otubes (CNTs), graphene, carbon-based quantum dots, fullerene, carbon black (CB), carbon
nanowires, carbon nanofibers (CNF), carbon nanoribbons, carbon nanohorns, carbon
nanocones, nanodiamonds, carbon nanoonios and mesoporous carbon [127–131]. These
carbon-based nanomaterials are classified as 0D, 1D and 2D materials according to their
shape with their representative members: fullerene (0D), CNTs (1D) and graphene (2D)
(Figure 1). All the nanomaterials based on carbon possess some notorious inherent prop-
erties, such as high electrical conductivity, chemical stability, mechanical strength, high
surface-to-volume ratio and biocompatibility [127,128,132,133]. They can be easily func-
tionalized through covalent and non-covalent modification with functional groups or
substances and also, they can be combined with other (nano)materials leading to hybrid
(nano)composites with synergic effects for the envisaged applications. Their further func-
tionalization with NPs not only drastically improves their physicochemical properties, but
also prevents their agglomeration [133].

Their unique features concerning the electrical, optical, mechanical and thermal prop-
erties opened the way for a vast variety of applications, such as biosensing, bioimaging,
cancer therapy, tissue engineering, drug delivery, biofuel cells, energy generation, storage,
etc. [119–121,126,130,134–143].

Among all the nanostructured carbon materials, CNTs and graphene are the most
widely studied, synthesized, functionalized and used for various analytical applications.
The starting point for their synthesis is the graphite. As an amorphous and disordered
product (concerning its structure), the graphite is stable at normal values of temperature
and atmosphere. As it undergoes a controlled heating process, the disordered carbon
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atoms have a higher thermal energy that makes them arrange in a thermodynamically
stable phase until reaching the sublimation point of 3915 K. Depending on the working
temperature, graphene and CNTs are obtained [144].

Concerning the characterization of the carbon-based nanomaterials, a wide range
of techniques have been employed so far such as: Raman spectroscopy, FTIR, UV–Vis,
energy dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), XRD,
AFM, TEM, SEM, laser scanning microscopy, electrochemistry, conductivity measurements,
etc. [128,129,136,145,146]

3.1. Carbon Nanotubes

Carbon nanotubes have been discovered in 1991 by Iijima consisting in 1D cylin-
drical tubes of sp2 hybridized carbon atoms in a hexagonal lattice with delocalized π

electrons [129]. They are unique due to the strong intermolecular bonds between the
alternating hexagonal rings leading to an agglomerated structure [147,148]. They can have
different lengths, thicknesses and number of layers. Their diameter is in the nanometer
scale, meanwhile their length can reach up to several millimeters, even centimeters, possess-
ing a high aspect ratio [127]. CNTs can be classified into single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs) according to the number of
rolled graphene layers. SWCNTs have a single wall in the form of an empty cylinder
on the inside, meanwhile MWCNTs have concentric tubes inside. These nanomaterials
present good mechanical strength (100 times stronger than steel), excellent conductivity
(CNTs conduct heat and electricity similar to copper), excellent electrocatalytic ability (they
enhance the electron transfer for proteins/enzymes) and low density (half of the aluminum
density) [127,132]. Concerning their thermal properties, the thermal conductivity is higher
along the nanotubes than across them, an increased number of defects negatively influ-
ences the thermal conductivity, and MWCNTs have a higher value of thermal conductivity
than SWCNTs due to their multi-layers [149]. CNTs have paved the way to the discovery
of graphene.

The most used methods for CNTs synthesis are arc plasma, laser method and catalyzed
chemical vapor deposition (Figure 2) [134,150]. By arc plasma method, an electric current
is applied between two electrodes in an inert gas atmosphere and the deposition of CNTs
on an electrode is achieved by consuming the other electrode [151]. This method has the
disadvantage of obtaining a complex mixture requiring an additional purification in order
to separate the CNTs from the residual components [152]. The use of laser method for
CNTs synthesis has led to higher yields. The CNTs were obtained by laser vaporization of
graphite electrodes with a mixture of catalysts (Co:Ni = 50:50, 1200 ◦C, argon atmosphere).
For an efficient purification of CNTs, a vacuum heat treatment was performed at 1000 ◦C for
removing fullerenes [153]. Catalyzed chemical vapor deposition is the most used method
of synthesizing CNTs by catalytic deposition of hydrocarbons (acetylene) over a metal
catalyst (Co and Fe) [132,154]. The optimization of this process consisted in the choice of
hydrocarbons, the control of the reaction conditions, as well as the continuous elimination
of CNTs as they are formed.

In order to surpass their limitations (especially their insolubility and tendency of
agglomeration) and to increase the CNTs performance in analytical applications, the CNTs
functionalization is performed including some groups: covalent, defect group, non-covalent
and endohedral functionalization [127]. The non-covalent functionalization (hydrophobic
and π-π interactions) presents the advantage of not disturbing the conjugated system of
the CNTs. They can be functionalized with different functional groups: -OH, -COOH,
-NH2, -F, etc. without significantly altering their properties. [155,156]. Moreover, more
active binding sites can be created on the surface of nanotubes making them more easily
dispersible in various solvents. Some types of functionalized CNTs are soluble in water
and in other highly polar solvents [157,158]. Additionally, for biological applications
different biomolecules (lipids, proteins, etc.) can be attached preserving their structural
and functional integrity in order to increase the detection sensitivity [159,160]. The drop
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casting method widely used for CNTs deposition (especially for the electrode modification)
presents a non-uniform distribution and fragility, limitations which can be overpassed by
using polymers [127,161]. Recently, another approach has been employed by preparing
free-standing buckypaper electrodes suitable for portable and wearable sensors and biofuel
cells [135–138,162].

The various biomedical applications of CNTs requires an evaluation of their biocom-
patibility and toxicity. So far it was demonstrated that CNTs support the growth of neurons
and osteoblastic cells; the functionalized CNTs improved the neuronal cell adhesion, mi-
tochondrial membrane potential and concentration of acetylcholine; the CNTs coated
with polymers were applied for bone tissue engineering [163]. CNTs are also promising
drug delivery vehicles due to their covalent and noncovalent conjugation with drugs and
biomolecules, entering the cell through cytoplasmic translocation. Nevertheless, CNTs
present lung and embryonic toxicity [163].

3.2. Graphene

Graphene was discovered in 2004 by Novoselov et al. being awarded with a Nobel
Prize in Physics in 2010 [164]. This 2D carbon-based nanomaterial with sp2 hybridization
consists in a single-atom-thick layer of defect-free carbon atoms in a hexagonal network
with delocalized π electrons. It possesses unique properties such as: excellent electrical con-
ductivity (six times greater than copper and 60 times greater than CNTs), huge surface area
(double than SWCNTs), excellent mechanical strength (200 times higher than steel), high
thermal conductivity, optical transparence and elasticity [127,134,145,146]. Its electronic
properties are influenced by the number of graphene layers and of edge defects. Until now,
graphene is the thinnest and the strongest material. It is considered the building block for
other carbon nanomaterials: by stacking, it leads to 3D graphite, by rolling, it forms 1D
CNTs and by wrapping, it results in 0D fullerenes [165,166].

The first method of obtaining graphene is mentioned by Novoselov et al. in 2004 by
mechanical graphite exfoliation [134,167,168]. An improved method was presented by
Stankovich et al. using graphite oxide exfoliation in water under ultrasonication for 24 h at
100 ◦C [169]. Chemical methods have also been used to chemically extract graphene sheets
from graphite by exfoliation [170,171]. A commonly used method in the laboratory is
Hummers’ method of obtaining graphene oxide (GO) by adding potassium permanganate
to a solution of graphite, sulfuric acid and sodium nitrate [172]. This method has been
improved by removing sodium nitrate and adding sodium persulfate which ensures the
complete exfoliation of graphite obtaining suspensions of individual graphite oxide sheets.
Besides, it is more environmentally friendly by eliminating the formation of gases such
as carbon dioxide and dinitrogen tetra oxide [173–175]. Other synthesis methods are the
epitaxial growth [176] and chemical vapor deposition (Figure 2) [177,178]. Graphene can
be obtained with an almost perfect structure and excellent properties by using these three
methods [179].

Compared to graphene, GO can be cheaply produced by high-yielding chemical
methods and is highly hydrophilic due to oxygen atoms that increase the distance between
layers and can be exfoliated in water at moderate ultrasounds [179]. The presence of
oxygen functional groups (hydroxyl, epoxide, carbonyl and carboxyl groups) improves
the hydrophilicity, stability and the anchoring of different (bio)molecules. The chemical
reduction of GO in order to obtain reduced graphene oxide (rGO) can be done by adding
liquid reagents such as hydrazine, dimethylhydrazine, sodium borohydride, ascorbic acid
(AA) and iodic acid to an aqueous dispersion of GO [10,180–186]. The electrochemical
reduction of GO was also employed especially for electrochemical applications [127]. The
difference between GO and rGO is the different percentage of oxygen content that leads
to an insulating trend towards semiconductor behavior of GO, while rGO has a higher
electrical conductivity [131,162,187]. Regarding the surface, rGO has a relatively larger
specific surface area compared to GO [131,188]. Another modification of graphene structure
is done by doping with heteroatoms (N2, B, S, P) being used for region activation with
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applications in electrochemical (bio)sensors [127,128]. Graphene and its derivatives (GO,
rGO, graphene quantum dots) are important nanomaterials with outstanding properties
which have been employed in various fields such as: biosensors, electronics, energy storage
etc. [145,146,162,164,189,190]

Due to the high biomedical potential of graphene and its composites, the biocom-
patibility of these nanomaterials has to be evaluated aiming towards clinical translation.
According to their physical and chemical properties, it was indicated that the nano-sized
and surface coated materials were more biocompatible, meanwhile the micro-sized ones
presented a high inflammation response, both in vitro and in vivo [191]. Additionally, lung
toxicity was also reported. The impurities (toxic reagents used in synthesis) are responsible
for cytotoxicity; therefore, the production of high-quality graphene is needed. The use
of polymer nanocomposites reduces the toxicity favorizing the osteoblasts adhesion and
proliferation [192].

3.3. Carbon-Based Quantum Dots

The latest discovered carbon-based nanomaterials are carbon dots (CDs—defined as
carbon nanoparticles with less than 10 nm diameter) and graphene quantum dots (GQDs—
possessing a graphene structure with layers less than 10 nm thick and 100 nm in lateral
size), containing carbon core and many functional groups [193–195]. There are two main
techniques concerning the synthesis of these quasi 0D nanomaterials: “Top-down” and
“bottom-up” using characteristic precursors (carbonaceous materials; ethanol, nitriles,
amino-acid) by physical, chemical and electrochemical methods [194,196–198]. Due to
their unique structure, they present a lot of advantages, such as biocompatibility, nontox-
icity, easy functionalization, chemical stability, abundant resources, low cost, versatility,
attractive optical properties (photoluminescence), excellent electronic properties, high
surface area and good solubility in many solvents [193,194,198]. They are widely applied
in electrochemical sensing (as signal tags or as electrode modifiers alone or in combination
with other nanomaterials), electrochemical flexible devices, electrocatalysis and biofuel
cells [194,198–200]. GQDs have been more often used in electrochemical (bio)sensing due
to their quantum confinement and edge effect, leading to their higher electrical and ther-
mal conductivity besides their optical properties, as compared to the CDs and traditional
quantum dots [193,197,201].

The wide range of carbon-based nanomaterials advantages generated by their unique
properties combined with their nano-size are responsible for their widespread use in
biomedical field. There still remains some disadvantageous issues that should be solved
concerning synthesis and safety, such as expensive synthesis methods, removal of metal
catalyst, impurities and other chemical reagents after the synthesis step, agglomeration,
determination of proper toxicity for in vivo applications.

4. Metal Nanoparticles and Carbon-Based Nanomaterials in (Bio)Sensors Design
4.1. Screen-Printed Electrodes as (Bio)Sensing Platforms

According to the International Union of Pure and Applied Chemistry (IUPAC), a
chemical sensor “is a device that transforms chemical information, ranging from the con-
centration of a specific sample component to total composition analysis, into an analytically
useful signal” [202,203]. A biosensor, according to the IUPAC, can be defined as “a device
that uses specific biochemical reactions mediated by isolated enzymes, immunosystems, tis-
sues, organelles or whole cells to detect chemical compounds usually by electrical, thermal
or optical signals” [202,204]. Meanwhile, an electrochemical biosensor is “a self-contained
integrated device, which is capable of providing specific quantitative or semi-quantitative
analytical information using a biological recognition element (biochemical receptor) which
is retained in direct spatial contact with an electrochemical transduction element” [145,202].
Therefore, two basic units are primordial for the (bio)sensor construction: a receptor (recog-
nition element—transforms the information into a signal) and a transducer (transfers the
signal to a measured result). The electrochemical methods employed for the (bio)sensor
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analysis are various such as: amperometry, potentiometry, conductometry, voltammetry,
impedance and surface charge sensing using field-effect transistors (FETs) [202]. The trans-
ducer part of an electrochemical sensor is an electrode. There is a wide range of electrodes
(ion-selective, glass, gas, metal, carbon and chemically modified electrode), among which
the carbon electrodes are maybe the most used [202]. The electrochemical methods have
gained a great interest due to their advantages over others analytical techniques such as:
sensitivity, selectivity, low cost, simplicity, ease of use, high reproducibility, low power
requirement, real-time results and possibility of miniaturization and automation, features
suitable for portable sensing devices with industrial and clinical applications.

In the recent decades, SPEs have attracted an increasing interest due to their advanta-
geous characteristics, such as miniaturized form, great variety of electrode materials, use
within a wide potential range, reduced sample volume, low cost, portable, faster time re-
sponse and simplicity. The recent advances in technology have enabled the miniaturization
of the electrodes and also of the potentiostats, the miniaturization and portability allowing
to perform on-site and real-time analysis. SPEs are produced by screen-printed technology
which consists in the deposition of more layers (ink, insulating material) on a substrate
offering versatility in electrode design and electrode material, reproducibility, excellent
uniformity, mass production, compatibility and modifications [205,206]. The process of SPE
fabrication comprises of several steps: ink manufacture, stencil formation, layer printing
and sinterization (thermal, photonic, plasma, microwave, electrical and chemical agents
sintering) [5,207]. The SPE contains a three-electrode configuration: one or more working
electrodes -WE, the pseudoreference electrode-PRE and the counter electrode-CE, with
their connections on a chemically inert supporting material (various types: plastic polymer,
paper, ceramic, alumina, etc.), having small dimensions (for example 3.5–5 × 1 × 0.05 cm
for a classic SPE) (Figure 3) [5,205,206]. The dimension, the thickness and the form/shape
can be controlled through the screen-printed technique. There are three main printing
electrode technologies: Screen printing, inkjet printing and 3D printing, each one with
their own advantages and disadvantages. Various nanostructured materials are used as
embedded components (dispersions of conductive nanomaterials inks) in the WE’s configu-
ration and/or as immobilized materials at the WE’s surface leading to nano-based printed
or modified electrodes [207]. There are few disadvantages concerning the SPEs, such as
laborious procedure for fabrication, variation in stability and reproducibility for lab-made
and lab-modified SPEs, the need of an electrochemical pretreatment step to increase the
reproducibility and a limited life-time for SPEs containing a bio-recognition element.

Figure 3. Some examples of commercially available screen-printed electrodes (from different man-
ufacturers: https://www.dropsens.com/en/screen_printed_electrodes_pag.html; https://www.
palmsens.com/products/sensors/screen-printed-electrodes/, accessed 10 September 2021).
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The composition and/or the surface of SPEs can be easily modified with a plethora of
materials/substrates/substances in order to improve their analytical properties (especially
the sensitivity and selectivity) and therefore their applications. The metallic nanoparti-
cles and carbon nanomaterials are suitable for the SPEs modification because they are
biocompatible, contribute to the biomolecules’ immobilization and increase the surface
area, adsorption and conductivity of the electrode.

The metal nanoparticles employed in order to enhance the electrochemical signal, but
also as labels in biosensors are: silver nanoparticles, gold nanoparticle, copper nanopar-
ticles, iron nanoparticles, palladium nanoparticles, platinum nanoparticles and rhodium
nanoparticles [206,208]. Their unique and excellent chemical and physical properties
(high surface to volume ratio, high electron-transfer capability, high electrode conductivity)
are responsible for the extensive use of NPs in (bio)sensors elaboration resulting in low
limits of detection and anchoring platforms for biomolecules.

From the group of carbonaceous nanomaterials, the following can be mentioned:
carbon black, carbon nanotubes, graphene, fullerene, carbon nanofibers, carbon nanohorns,
carbon and graphene quantum dots with their unique electrocatalytic properties leading
to sensitivity enhancement [5,206,208]. Carbon-based nanomaterials have brought un-
countable benefits for electrochemical (bio)sensors due to their outstanding and attractive
features such as: large specific surface area, elevated conductivity, high adsorption capabil-
ity, decreased over-potentials, thermal conductivity, mechanical strength, high elasticity
and functionalization possibility.

Composites based on metallic and metal oxide nanoparticles (monoatomic, poly-
atomic), carbon nanomaterials and polymers have been also envisaged as nanostructures
in the SPE design [206,208]. The post-printing methods used for SPEs modification with
nanomaterials includes: drop casting, electrodeposition, electrospraying, electrospinning,
the Langmuir–Blodgett and the Langmuir–Schaefer methods [205,208–210].

The screen-printed electrochemical sensing platforms have been applied for sensing
and monitoring of a wide range of target analytes in many fields, such as food and drinks,
environmental analysis, pathogens, cancer biomarkers and other relevant biomolecules,
pharmaceutical analysis and biological analysis, performed in the traditional laboratories
and also in-to-the-field (in-situ detection) [43,119–121,205,206,208–213]. In the case of the
biosensors’ elaboration, the SPEs have been modified also with biological elements such
as enzymes, antibodies and nucleic acids by applying various methods of immobilization
(casting, physical adsorption, electrochemical coating or inclusion into the ink) [5,206,210].
In the last years, a special attention was attributed to the detection of viral pathogens, such
as the Human Immunodeficiency Virus, the Hepatitis viruses, the Zika Virus, the Dengue
virus and SARS-CoV-2, using the combination between SPEs and nanomaterials for the
development of portable, easy-to-use and cost-effective biosensors [214].

4.2. Nano(Bio)Sensors Based on Screen-Printed Electrodes with Biomedical Applications
4.2.1. Nano(Bio)Sensors Based on Screen-Printed Electrodes with Medical Applications

Diagnostic and monitoring are essential in healthcare requiring accurate, sensitive,
selective and fast results, features which can be accomplished by using screen-printed
electrodes. These small size disposable electrodes can be easily integrated in point-of-care
devices which are easy-to-handle, low-cost, portable and miniaturized sensors. Some
examples of screen-printed electrodes modified with nanomaterials and applied for the de-
termination of some biomolecules with great significance in the medical field are presented
below and summarized in Table 1.
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Table 1. Screen-printed electrodes modified with various nanomaterials for medical applications (some examples).

Type of NPs Analyte Method/
LOD/LR

Real Samples/
Recovery Ref.

Reduced exfoliated
graphene oxide

NADH
Amperometry

[215]

2 µM/10 µM–2.0 mM

H2O2

Amperometry
0.05 µM; 0.08 µM
0.1 µM–2.0 mM;
0.15 µM–1.8 mM

Glucose
Amperometry Milk samples

1 µM/5 µM–10.0 mM

MWCNTs, AuNPs NADH
Amperometry

[216]3.72 µM/12.4–150 µM

Carbon black
NADH, Amperometry

[217]Ascorbic acid, cysteine 1 µM

Ruthenium dioxide-graphene
nanoribbon NADH Amperometry

0.52 µM/1–1300 µM [218]

Platinum NPs, graphene
sheets@cerium oxide

H2O2
Amperometry Contact lens clear

solution/ [219]
0.43 µM/1 µM–10.0 mM 99.5–102%

Silver NPs, rGO@CeO2 H2O2
Amperometry Contact lens clear

solution/ [220]
0.21 µM/0.5 µM–12 mM 100–103.5%

Reduced graphene
nanoribbons

DPV Urine

[221]
Uric acid 5 µM

97–101%Levodopa 10–50 µM
Ascorbic acid 1–5 mM

Reduced graphene oxide,
gold NPs

DPV Urine

[222]
Ascorbic acid 1.04 µM/20–375 µM

95–98.89%Dopamine 0.29 µM/1–160 µM
Uric acid 5.4 µM/25–200 µM

Carbon black, graphene oxide Uric acid
Flow-injection
amperometry Urine

[223]
0.01 µM/0.05–2000 µM 95%

Reduced graphene oxide,
gold NPs

Dopamine Amperometry Blood
[224]0.17 µM/0.57–500 µM 101.5–102.5%

MWCNTs, AuNPs
DPV Serum, Tears, Saliva

[225]Dopamine 0.3 µM/1–100 µM 111.18%, 97.78%,
Serotonin 0.8 µM/2.5–100 µM 108.53%

Polypryrrole NPs, AuNPs Serotonin
SWV Serum

[226]33.22 nM/0.1–15 µM 100.27–103.06%

Polypryrrole NPs, AuNPs Interleukin-6
EIS Serum

[227]0.33 pg/mL/
101.41–102.45%1 pg/mL–15 µg/mL

Platinum NPs, reduced
graphene oxide

Amperometry Serum

[228]
Glucose 44.3 µM/0.25–6.0 mM

82.2–104.1%H2O2 5.24 µM/0.01–0.80 mM
Cholesterol 40.5 µM/0.25–4.0 mM
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Table 1. Cont.

Type of NPs Analyte Method/
LOD/LR

Real Samples/
Recovery Ref.

Cu(OH)2@CoNi-LDH
core–shell nanotubes

Glucose
Amperometry Blood

[229]6.7 µM/20 µM–8 mM 97.5%

AuNPS

Amperometry (HPLC-EC) Dietary supplements

[230]
Cysteine, 3.1 µM/10–80 µM

97.25–99%
Methionine, 1 µM/3.3–30 µM
Glutathione, 0.1 µM/0.3–10 µM

Homocysteine 0.6 µM/2.2–30 µM

Graphene (in the ink of SPE) Norepinephrine SWV
[231]0.265 µM/1–30 µM

Bilirubin
Amperometry Blood

[232]MWCNTs 0.3 µM/0.5–500 µM
94–106.5%rGO 0.1 µM/0.1–600 µM

Graphene (in the ink of SPE),
AuNPs

C-reactive protein EIS Blood
[233]15 ng/mL/0.05–

100 µg/mL 97.9–103.9%

NiO NPs, Nafion-MWCNTs Insulin
Amperometry

[234]6.1 nM/20–260 nM

CNTs-NiCoO2 in Nafion Insulin
Amperometry

[235]1.06 µg/mL/
0.17–75 µg/mL

SWCNTs
(commercial SWCNTs/SPE)

Glycated hemoglobin
SWV

[236]0.03 pg/mL/
0.1–1000 pg/mL

Carbon nanofiber Survival Motor Neuron
Protein

SWV
Whole blood [237]0.75 pg/mL

1 pg/mL–100 ng/mL

PANI/AuNPs
E. coli DNA

CV Urine

[238]
0.5 fM/1000–0.001 pM

E. coli cells
4 CFU/mL

4 × 106 CFU/mL

AuNPs-CNTs, AgNPs Hepatitis B surface
antigen

DPV Blood
[239]0.86 ng/mL/1–40 ng/mL 80.70–91.40%

Graphene, AuNPs
Pyoverdine

(Pseudomonas
aeruginosa)

DPV Serum, saliva,
tap water [240]

0.33 µM/1–100 µM 98.41–102.12%

AuNPs Carcinoma antigen 125 EIS Blood
[241]6.7 U/mL/0–100 U/mL

Carcinoma antigen 125

EIS

[242]
AuNPs 419 ng/mL
PtNPs 386 ng/mL

450 ng/mL–2.916 µg/mL

rGO-AuNPs
Carcinoembryonic

antigen

Amperometry, CV

[243]
0.28 ng/mL/
0.5–50 ng/mL
181.5 ng/mL/

250–2000 ng/mL

CNTs-AuNPs (in the ink) p53 protein Amperometry Urine
[244]14 pM/20 pM–10 nM 91–132%
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Table 1. Cont.

Type of NPs Analyte Method/
LOD/LR

Real Samples/
Recovery Ref.

Graphene quantum
dots—MWCNTs

Amperometry Cancer cells

[245]
Interleukin-13 1.4 ng/mL

receptor-α2 4.92–100 ng/mL
0.03 ng/mL

Cadherin-17 0.11–10 ng/mL

Graphene (in the ink),
polyaniline

Human chorionic
gonadotropin

EIS Urine
[246]0.286 pg/mL/

0.001–50 ng/mL

Calixarene functionalized
graphene, Au@Fe3O4

SARS-CoV-2

DPV Various biological
fluids

[247]200 copies/mL
20–100%3 aM/

10−17–10−12 M

Carbon black SARS-CoV-2
DPV Saliva

[248]19 ng/mL (S protein)
8 ng/mL (N protein)

Exfoliated graphene oxide was electrochemically reduced by the potentiostatic method
(the color changed from yellow-brown to black) on SPE doped with ionic liquid, presenting
a uniform surface topography. This nanomaterial promoted the oxidation of NADH on
this modified electrode by increasing the electron transfer: a negative shift of the oxidation
peak potential of 0.22 V, a double increase of the peak current, a good resistance to fouling
induced by a high density of edge-plane-like defective sites on carbon materials and a
peak separation for ascorbic acid and NADH oxidation of 220 mV, in comparison with
the non-modified electrode. The same superior electrocatalytic activity was also recorded
for H2O2 analysis: oxidation started at +0.45 V and reduction at 0 V. Glucose oxidase
was immobilized onto this modified SPE by cross-linking with glutaraldehyde leading
to a nanobiosensor with improved analytical performance for glucose determination at
−0.2 V. A good selectivity of the 3 sensors was demonstrated in the presence of ascorbic
acid, uric acid and dopamine as interferents [215]. Layer by layer method was used for
the SPE modification with MWCNTs, AuNPs and electropolymerized polyneutral red by
optimizing the amount of CNTs and thickness of the film, then the nanoplatform was
investigated toward the electrooxidation of NADH, showing the highest anodic peak
current and good analytical parameters for amperometric determination [216].

Carbon nanomaterials, such as CB, SWCNTs-COOH, GO and rGO, were employed
for the modification of homemade SPEs by drop casting, being characterized by XPS,
Raman spectroscopy, SEM and electrochemistry (cyclic voltammetry, amperometry, electro-
chemical impedance spectroscopy -EIS). These nanostructured platforms were furthermore
tested for NADH, AA and cysteine sensing, exploiting their greatest advantage such as a
wide potential window and a high electrochemically accessible area. In the case of NADH
oxidation, the lowest potentials of 400 and 440 mV were recorded for SPE modified with
CB and SWCNTs-COOH, respectively; for AA oxidation the highest current peaks and the
lowest potential peaks (90, 150 mV) were detected by using SWCNTs-COOH and CB, re-
spectively. The same two nanomaterials have been responsible for the best electrochemical
behavior of cysteine (oxidation at 580 mV). Thus, the analytical performances of the CB
and CNTs are similar, but CB offers some particular advantages, such as it is cost-effective,
suitable to obtain homogenous and stable dispersion and mass-producible [217]. NADH
quantification was also performed by using another nanocomposite based on ruthenium
dioxide-graphene nanoribbon drop casted on homemade SPE. RuO2 NPs presented an
average diameter of 2 nm forming homogenous mats on the graphene matrix [218].
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A hybrid nanocomposite based on platinum NPs doping into graphene sheets@cerium
oxide presented good synergistic effects when tested towards the electrocatalytic reduction
of H2O2. Various techniques, such as XRD, FTIR, SEM, EIS, cyclic voltammetry and amper-
ometry, were applied for the characterization of the nanomaterials and of the modified SPE.
The size controllable PtNPs were prepared with different electroless plating times, the best
electrochemical response was obtained for PtNPs of 100 nm obtained over 200 s, indicating
a larger surface area with more available active sites, but if the time and subsequently the
size increases, the NPs aggregate leading to a compact surface with decreased current. The
sensor also presented reliable reproducibility, long-range stability and selectivity (when
adding glucose, AA, dopamine (DA), uric acid (UA)) [219]. A similar nanocomposite
consisting in silver NPs, rGO@cerium oxide was synthesized and used for SPE modifica-
tion being characterized by the same techniques mentioned before. Controllable in-situ
synthesis of AgNPs with different sizes was achieved by a solvothermal process with a
reaction time of 1–4 h, indicating that the reduction of Ag+ adsorbed onto the GO matrix
is facilitated by the GO which acts as a gentle reductant. The best response for H2O2
reduction was registered for SPE modified with the hybrid nanomaterial with a 2 h reaction
time (AgNPs having a size of 30 nm) [220].

Other important small biomolecules with high clinical importance, such as AA, UA,
DA, levodopa (LD) and glucose, have been determined by using nanosensors based on
SPEs. Graphene nanoribbons (obtained by chemical oxidation of CNTs) are a promising
candidate for electrochemical sensors with the following advantages: Excellent electrocat-
alytic effect, enhanced faradaic currents and increased resistance to passivation leading to
improved selectivity, sensitivity and reproducibility. SPE modified with reduced graphene
nanoribbons (14% wt. oxygen content) presented the best electroanalytical performance for
AA, LD and UA sensing in comparison with other related carbon nanomaterials (MWCNTs,
oxidized graphene nanoribbons). This nanosensor allowed the simultaneous detection
of AA, LD and UA at +0.08, +0.27 and +0.9 V, respectively, due to the reduced graphene
nanoribbons containing more defects and edge sites and to the removal of oxygen function-
alities [221]. In another study, the simultaneous detection of AA (−120 mV), DA (10 mV)
and UA (220 mV) was achieved by employing a SPE modified with rGO and AuNPs (the
simultaneous electrochemical reduction of both nanomaterials on the SPE surface is faster
and more convenient), which was included in a smartphone-based integrated voltamme-
try system. The graphene oxide sheets containing a lot of oxygen-containing functional
groups can be easier modified with NPs acting as a nanoscale building block to develop
nanosensors [222]. A novel flow-injection amperometric nanosensor was developed for
the accurate detection of UA based on SPE modified with a mixture of carbon black and
graphene oxide by drop casting. The nanocomposite (1:1) was characterized by micro-
scopic techniques (SEM, TEM) revealing a uniform distribution of carbon black spherical
particles (30–50 nm) on the graphene oxide sheets. The electrochemical experiments indi-
cated that the nanocomposite presented the highest current response for UA oxidation in
comparison with other nanomaterials due to their synergic effects concerning the enhanced
conductivity and increased surface area [223]. A SPE modified with rGO, polyneutral
red and gold NPs (using commercial solutions of the nanomaterials) was elaborated for
the amperometric determination of DA with good sensitivity, selectivity, reproducibility,
stability and recovery rates [224]. The simultaneous detection of two neurotransmitters
(dopamine and serotonin) was successfully achieved by employing SPE modified with
MWCNTs and AuNPs [225]. A nanocomposite consisting in electrochemically generated
polypyrrole nanoparticles and AuNPs was elaborated for SPE modification, leading to
an increase of the active surface area, and this nanoplatform was used for sensitive and
selective determination of serotonin [226]. In another study, the same nanocomposite elab-
orated through electrochemical techniques was used for immobilization of interleukin-6
aptamer and tested for the detection of the target cytokine [227].

The entrapment method for glucose oxidase immobilization onto the SPE surface
has been addressed using various nanomaterials, such as SWCNTs, MWCNTs, rGO, sil-
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ver NPs, platinum NPs and some polymers (poly(1-vinylimidazole), Nafion, poly(3,4-
ethylenedioxythiophene, polyvinyl-alcohol and poly(3-aminobenzoic acid)) [228,249]. The
nanosized platform based on platinum NPs, rGO and poly(3-aminobenzoic acid) being
elaborated by one-step electrochemical deposition was also successfully applied for the
determination of H2O2 and cholesterol [228]. Other enzymes such as glutamate dehy-
drogenase and lactate dehydrogenase have been immobilized onto the SPEs surface by
entrapping in a mixture of chitosan and MWCNTs, drop-coating on the previously CNTs
modified SPE and using a mixture of MWCNTS, glutaraldehyde and bovine serum albumin,
those biosensors being applied for a sensitive detection of glutamate and lactate, respec-
tively [249]. An enzyme free glucose sensor was elaborated by a three-step in-situ synthesis
method of highly porous 3D hetero Cu(OH)2@CoNi-LDH core–shell nanotubes on the SPE
surface. Firstly the CuNPs were electrodeposited on SPE, then Cu(OH)2 nanotubes were
formed followed by the growth of CoNi-LDH nanostructures [229].

Several combinations of nanomaterials have been tested for the detection of aminoth-
iols (cysteine, methionine, glutathione, homocysteine) including AuNPs and MWCNTs
(with some polymers such as polyaniline and Nafion), deposited on a screen-printed gold
electrode. AuNPs have been synthesized by a green procedure based on sonocatalysis
leading to a diameter between 5 to 12 nm. The best result was obtained on the configura-
tion consisting in AuNPs drop casted on SPE which indicates that the NPs enhance the
electrochemical response of the conventional electrode [230].

The nanomaterials can be also included in the ink used for the SPE fabrication. In a
study, homemade flexible screen-printed graphene electrodes have been developed and
connected to a smartphone-based system. As a control, screen-printed carbon electrodes
modified with graphene/graphene oxide by drop casting were also elaborated. The
screen-printed graphene electrode presented on its surface a graphene-like layer structure,
which led to a higher electron transfer rate in the case of norepinephrine electrochemical
analysis [231]. Therefore, the sensitivity of the smartphone-based electrochemical system
was improved by graphene used as a constituent material of the electrode. This novel
set-up is suitable for portable and wearable point-of-care devices.

A comparison between the electrochemical performances of MWCNTs and graphene
has been analyzed in the case of bilirubin oxidation. CNTs have been covalently bonded to
the electrode surface, which was previously functionalized with NH2 groups. Graphene
oxide were electrochemically reduced to the SPE surface. Better electroanalytical parame-
ters have been recorded in the case of SPE modified with graphene, explained by a more
enhanced electron transfer rate and a higher surface area calculated by electrochemical
measurements [232]. A paper-based sensor was fabricated using graphene and carbon ink
for the WE printing. AuNPs were then electrochemically deposited resulting in a diameter
of 50–70 nm and a uniform distribution. The NPs increased the electrode surface area
and also the anchoring sites for the covalent antibody immobilization. Multiple steps
have been employed for the electrode modification leading to the elaboration of this label-
free paper-based immunosensor with improved analytical performances (good sensitivity,
selectivity, stability, reproducibility, repeatability, recoveries) toward C-reactive protein
detection [233].

Some biomarkers important for diabetes mellitus diagnostic and monitoring were
also analyzed by using SPEs modified with nanosized materials. For insulin detection,
SPE was modified with Nafion-MWCNTs, followed by the electrochemical pulse potential
deposition of NiO NPs. The pulse electrodeposition method generated NPs with a diameter
below 30 nm, prevented the NPs agglomeration and controlled the film thickness, leading
to a good stability, excellent surface coverage and enhanced electrocatalytic activity. NiO
NPs act as an active catalyst for insulin oxidation [234]. Another SPE modified with a
nanocomposite of CNTs and NiCoO2 (8:4.5 ratio) using Nafion as a binder was elaborated
for insulin detection [235]. Glycated hemoglobin was tested by using label-free aptasensors
based on six types of commercial carbon-modified SPEs (bare carbon SPE and carbon SPE
modified with graphene, GO, MWCNTs, SWCNTs, CNF). The aptamer was non-covalently
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immobilized by π–π stacking with the nanomaterials (physical adsorption). The best results
were obtained by employing SWCNTs platform, followed by MWCNTs and CNF [236].
The same 6 types of commercial carbon-based nanomaterial-modified SPEs (mentioned
above) have been used as platforms for covalent immobilization of survival motor neuron
protein antibody. In this case, the CNF-based immunosensor offered the best analytical
performance for the protein target detection [237].

An electrochemical genosensor based on polyaniline and AuNPs electrodeposited on
the SPE surface has been elaborated through multiple steps. The polymer decoration with
NPs changed its redox to neutral pH suitable for biological interactions and also increased
the surface area and conductivity improving the electrochemical biosensing performance.
This biosensor based on a dual signal amplified strategy was applied for the detection of
E. coli DNA and E. coli cells [238]. For the label-free detection of Hepatitis B surface antigen,
an immunosensor was developed based on home-made SPE modified with a AuNPs-CNT
nanocomposite (10–30 nm) and AgNPs. The nanocomposite was used in order to increase
the surface area, conductivity and the biomolecule immobilization. AgNPs played the role
of a redox probe for the direct detection, but also improved the analytical response due to
its nanosize [239]. Electrochemically exfoliated graphene functionalized with AuNPs were
deposited layer-by-layer on SPE and applied for pyoverdine detection (a virulence factor
secreted by Pseudomonas aeruginosa) [240].

Tumor biomarkers are associated in patients with tumor or carcinoma; therefore, their
early and accurate detection is essential. For this reason, the electrochemical immunosen-
sors have been intensively studied combining the sensitivity of the electrochemical sensor
and the specificity of the immunoreactions, paying special attention to the portable and
miniaturized devices. A label free impedimetric immunosensor was elaborated based
on electrodeposited AuNPs (40–100 nm) on the SPE surface, subsequently modified with
self-assembled monolayers. Monoclonal antibody anti-carcinoma antigen 125 (CA125) was
immobilized on the nanostructured platform which was successfully applied for the detec-
tion of CA125 (=MUC16) [241]. The detection of the same CA 125 biomarker was recorded
on another immunosensor based on SPEs modified with AuNPs (“popcorn” nanostructures
with 566 nm) and PtNPs (140 nm). The influence of the two nanomaterials on the electro-
chemical parameters have been compared, and the PtNPs presented the highest surface
area leading to a lower limit of detection [242]. Carcinoembryonic antigen was determined
on an immunosensor based on a SPE modified in one-step preparation with GO (electro-
chemically reduced) and AuNPs (140 nm—deposited by the electrochemical method). The
nanocomposite increased the electron transfer kinetic and also the effective surface area,
leading to a sensitive detection of the target [243]. A SPE modified with CNTs and AuNPs
(the nanomaterials being incorporated in the SPE composition by the manufacturer) has
been applied for an amperometric subnanomolar detection of the p53 protein (a biomarker
for urinary tract carcinoma). This competitive immunosensor presented some advantages
such as selectivity, precision, easy fabrication and low cost, being a valuable diagnostic
tool for urologic malignancies [244]. A simultaneous determination of two metastasis-
related biomarkers (interleukin-13 receptor-α2 and cadherin-17) has been realized on a
dual SPE (SPE with two working electrodes) modified with graphene quantum dots (hav-
ing peroxidase mimicking activity) and MWCNTs, a hybrid nanomaterial combination
used for sensitivity enhancement and also as nanocarriers of antibodies for amplification
purpose [245]. This dual amperometric sandwich-type immunosensor presented some
relevant advantages over the traditional ELISA method such as: simplicity, rapid time
response, decentralized analysis, affordability and portability. A graphene-SPE modified
with electropolymerized polyaniline was tested for human chorionic gonadotropin. The
impedimetric immunosensor was capable of a picogram determination [246].

4.2.2. Nanomaterials and SPEs in COVID-19 Diagnosis, Prevention and Therapy

The recent global outbreak of COVID-19 disease is a continuous threat for public
health; therefore, sensitive, fast, low-cost, easy to implement, real-time response, portable

203



Materials 2021, 14, 6319

and wearable point of care systems are crucial for the control and monitorization of
this disease.

In addition, the nanotechnology community is able to significantly contribute and
fight against coronavirus disease 2019 (COVID-19), as nanomaterials are well known to
possess antiviral properties with role in the prevention, diagnosis, and treatment of virus
disease. The mechanism is related to inactivation of the outer layer of the virus upon
interaction with hydrophobic nanomaterials surface, which may inhibit or completely
destroy the virus [250]. The spike protein located on the outer surface is easily attached
by nanoparticles in the form of drugs, coatings or nano medicines in the form of vaccines.
Moreover, as nanoparticles are the same size as proteins, they can enter cells to enable
expression of antigens or directly target immune cells for release of antigens. In this case,
lipidic formulations and polymeric nanoparticles can be used as carriers, as their size,
morphology and charge are tailored according the particular situation [251–256]. In a very
recent review, Ghaemi et al. [257] highlighted the most used nanomaterials/nanoparticles
with high potential in therapy, prevention and detection of targeted virus proteins: carbon
nanotubes, graphene and graphene oxide, fullerene, quantum dots, CuNPs, ZnNPs, AgNPs,
TiO2 and chitosan NPs. They concluded that the inclusion of nanomaterials in biosensors
offer more detection capability, stability, simplicity of design, reliability and affordability.
For example, TiO2 NPs can be used for surface decontamination in combatting SARS-
CoV-2, in different formulations, such as aerosol, paint, water or air treatment systems,
based on the photocatalysis mechanism and the production of hydroxyl radicals due to
the water molecules oxidation, which promote the disinfection activity of TiO2 NPs [258].
In terms of prevention, different types of facemasks were designed based on graphene
oxide nanoparticles as breathable barrier layers, taking into account the advantage of their
hydrophobic surface to inactivate virus. Various types of nanoparticles and nanofibers
have been introduced in mask production chains to improve safety performance and
confer enhanced antiviral properties [259]. Graphene as a coating material for textiles is
advantageous due to its mechanical properties, being also fire resistant, UV protective and
conductive [260].

Lab-on-chip based strategies for smart diagnostic and personalized COVID 19 manage-
ment (miniaturized SASR-CoV-2 biosensors) can be achieved via selecting a specific Anti-
SARS-CoV-2 virus protein antibody for selective and sensitive detection within 30–40 min
of operation time [261]. In terms of detection, optical biosensors, electrochemical biosen-
sors, piezoelectric biosensors and thermal biosensors have been developed for respiratory
virus detection. A review conducted by Samson et al. [262] summarizes the existing sta-
tus of current diagnostic methods, along with their advantages and limitations, and the
advantages of biosensor-based diagnostics over the conventional ones for the detection
of SARS-CoV-2. A special attention was paid to novel biosensors used to detect RNA-
viruses including CRISPR-Cas9-based paper strip, nucleic-acid based, aptamer-based,
antigen-Au/Ag nanoparticles-based electrochemical biosensor, optical biosensor and sur-
face plasmon resonance biosensor. As a nanotechnological approach, the gene-editing
technique was modified by including a biological sensor using a CRISPR-Chip coupled
with a graphene-based field effect transistor that can detect nucleic acids in a very small
concentration (1.7 fM) without any amplification and in a very short time (15 min), while
the detection of COVID-19 infection can be performed in less than 40 min [263].

The antigen lateral flow detection of SARS-CoV-2 as a point-of-care approach is
realized by using a membrane strip with two lines: first line for the antibody-Au NPs,
and second line for the captured antibodies. Biological samples such as blood or urine
samples can be applied on the membrane, while, based on the capillary mechanism,
proteins are drawn across the strip and an antigen/antibody AuNPs complex is formed
and immobilized, a pair of red or blue lines becoming evident [257,264].

SPEs were customized in various configurations for SARS-CoV-2 detection (some
components of the virus itself) [248,265–269], but also for the detection of some biomarkers
useful for Covid 19 diagnosis (C-reactive protein, interleukins, tumor necrosis factor alpha,

204



Materials 2021, 14, 6319

interferons, glutamate, breath pH, lymphocytes, platelets, neutrophils and D-dimer) [270].
Nanomaterials such as AuNPs, calixarene functionalized graphene, Au@Fe3O4 nanocom-
posite (400 nm) and carbon black served as catalysts, bioreceptor or labels, but, also,
they improved the electrochemical performance of the SPE-based sensors applied for the
virus detection [248,265–269]. In the case of biomarkers sensing, several nanomaterials
have been employed for SPEs modification, such as rGO, AuNPs and Ag/Pt-graphene
nanocomposite [270]. Beside AuNPs, Fe2O3 and Fe3O4 NPs docking interactions with
the key amino acids in the spike protein receptor-binding domain of SARS-COV-2 were
demonstrated recently, revealing that the interactions are associated with conformational
changes in viral structural proteins and subsequent inactivation of the virus [271]. In a
recent paper, Mahari et al. [272] described the fabrication of an in-house built biosensor
based on fluorine-doped tin oxide electrode and AuNPs coupled to a nCOVID-19 antibody,
which was demonstrated to be very specific in the detection of the nCOVID-19 spike
antigen. In terms of sensitivity, this immunosensor could detect the nCOVID-19 antigen in
concentrations from 1 fM to 1 µM within 10–30 s.

In terms of therapy, in the context of urgent treatment development and limited benefit
of Dexamethasone and Remdesivir, SARS-CoV-2-specific therapies to treat coronavirus
disease has emerged. In a very recent paper, Adi Idris et al. [273] reported the development
and screening of two novel liposomal formulations for the delivery of small interfering
RNA therapeutics to the lungs. Small interfering RNA molecules are short double-stranded
RNA molecules that encodes the genome of coronaviruses, and by encapsulation of these
active molecules in cationic liposomes with average size of 80 nm, an encapsulation
efficiency of 97.6% was achieved, followed by in vivo injection in mice. The assessment
was performed after 24 h, showing the localization of fluorescence particles in the lung
(21%), liver (67%), and spleen (12%). The authors demonstrated robust repression of virus
in the lungs and a pronounced survival advantage to the treated mice compared to the
control. Moreover, the authors highlighted that the treatment based on the nano-liposomal
approach is scalable and can be administered upon the first sign of SARS-CoV-2 infection in
humans, suggesting also that this therapeutic approach is useful as an adjunctive therapy
to current vaccine strategies.

The general representation of screen-printed electrodes modified with nanostructured
materials for biomedical applications is presented below in Figure 4.

Figure 4. Schematic representation of nano(bio)sensors based on screen-printed electrodes: modification with carbon-based
nanomaterials, metal nanoparticles, with/without biological elements and the electrochemical analysis.
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4.2.3. Nano(Bio)Sensors Based on Screen-Printed Electrodes with
Pharmaceutical Applications

The monitorization of drugs concentration in body fluids, pharmaceutical formu-
lations and other real samples is essential in order to optimize the therapy, to monitor
the treatment and to reduce the risk effects, requiring simplicity, sensitivity, selectivity,
real-time response, cost effectiveness, portability and miniaturization, advantages charac-
teristic for electrochemical nano(bio)sensors based on SPEs. Pharmaceutical substances
having a wide range of pharmacological activities have been detected on screen-printed
electrodes modified with various nanosized materials by exploiting various electrochemical
techniques (Table 2).

Table 2. Screen-printed electrodes modified with various nanomaterials for pharmaceutical applications (some examples).

Type of NPs Analyte Method/
LOD/LR

Real Samples/
Recovery Ref.

Chemically reduced
graphene oxide (in the ink) Vitamin C

DPV/ Injection formula
[249]0.95 µM/4–4500 µM

MWCNTs Vitamin C
Amperometry/ Tablet, capsule

[249]11 µM/50–400 µM

MWCNTs Vitamin B6

Amperometry/ Tablet, capsule,
drinks, cereal

[249]8 µM/25–300 µM
DPV/

1.5 µM/2–72 µM

RuNPS-MWCNTs Vitamin B6
LSW Tablet, ampoule,

drinks [274]
0.8 µM/2.6–200 µM 92–107%

AuNPs Vitamin B7

SWV/

[249]
8.3 nM/0.01 nM–0.01 M

Amperometry/
14 nM/1 nM–1µM

MWCNTs Vitamin B9
Amperometry/ Tablet, capsule

[249]8 µM/50–400 µM

MWCNTs
Gentamicin

sulphate
Potentiometric titration Ampoule, ointment,

cream, surface water [275]
75 nM/0.1 µM–10 mM 97.5–101.3%

Carboxylated
MWCNTs-AuNPs

Amoxicillin
AdSV Bovine milk

[276]0.015 µM/0.2–30 µM 91.5–95.5%

AuNPs
Moxifloxacin

hydrochloride
DPV Urine

[277]11.6 µM/8–480 µM 99.8–101.6%

Fullerene-reduced
graphene oxide Metronidazole

SWV Serum, Urine
[278]0.21 µM/0.25–34 µM 92–100%

BiO nanorods Isoniazid
DPV Serum

[279]1.85 µM / 5–100 µM 92–104%

Fe3O4@polypyrrole-Pt
core-shell nanoparticles

DPV Urine
[280]6-mercaptopurine 10 nM/0.04–330 µM

Anticancer tablets6-thioguanine 6 µM/0.1–400 µM

CeO2 NPs Diclofenac
SWV Water samples [281]0.4 µM/0.1–25.6 µM
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Table 2. Cont.

Type of NPs Analyte Method/
LOD/LR

Real Samples/
Recovery Ref.

Carbon nanofibers

DPV Tap water

[282]

Paracetamol
0.03 mg/L

97.6–103.1%

0.09–0.8 mg/L

Ibuprofen 0.6 mg/L
2.2–10.2 mg/L

Caffeine
0.05 mg/L

0.2–1.1 mg/L

Graphene nanoribbons Melatonin
DPV Tablet, capsule

[283]1.1 µM/0.005–3 µM 97.8–98.3%

Manganese
hexacyanoferrate/chitosan

nanocomposite

SWV
Pharmaceutical

formulation, serum,
urine

[284]Phenylalanine 2.18 nM/0.06–25.5 µM
99.24–99.90%Chlorpheniramine 3.63 nM/0.045–242 µM

Dextromethorphan 9.10 nM/0.062–242 µM

MWCNTs Pioglitazone Potentiometry Tablet
[285]0.6 µM/1µM–10 mM 99.72–101.12%

Graphene quantum dots Isoproterenol DPV Ampoule, urine
[286]0.6 µM/1–900 µM 98–103.4%

Gd2O3 NPs Venlafaxine
DPV Tablet, urine, water

[287]0.21 µM/5–900 µM 98–103.3%

Molecularly imprinted
polymer NPs/graphene Sertraline

SWV Tablet, serum
[288]1.99 nM/5–750 nM 97.98–101.33%

Vitamins’ analysis has been performed on different SPEs modified with carbon-based
nanomaterials leading to an µM detection limit [249]. Super critical CO2 medium was
used as a novel approach for the decoration of MWCNTs with metal nanoparticles, the
best results for vitamin B6 determination was achieved by using the SPE modified with
RuNPs-MWCNTs, resulting in a minimum three-fold increase in sensitivity [274]. A
nanocomposite based on MWCNTs-polyvinyl chloride and calixarene as a molecular
recognition element have been used for SPE modification and applied for gentamicin
potentiometric determination improving the stability, response time, lifetime, sensitivity
and selectivity of the sensor [275]. Carboxylated MWCNTs decorated with AuNPs using
ethylenediamine as a cross-linker were drop-casted on SPE and applied for electrochemical
determination of amoxicillin combining the good electron transfer property and catalytic
property of the two nanomaterials [276]. AuNPs have been electrochemically deposited
on SPE (with spherical shape and size between 13–58 nm) and applied for moxifloxacin
hydrochloride detection with good performance [277]. A low-cost SPE modified with
fullerene, reduced graphene oxide and nafion has been elaborated in order to evaluate
metronidazole with high stability, repeatability, reproducibility, fast response and low cost,
performance which is due to the electrocatalytic synergic effect of the nanomaterials [278].
Among the electrodes used for isoniazid and rifampicin electroanalysis, the SPEs modified
with nanomaterials recorded good analytical results [279]. Fe3O4@polypyrrole-Pt core-shell
nanoparticles have been synthesized and then drop casted on SPE allowing a simultaneous
detection of two anticancer drugs (6-mercaptopurine and 6-thioguanine) [280]. A SPE was
elaborated during three steps: anodic pre-treatment, drop cast of CeO2 NPs annealed at
900 ◦C and heat treatment in vacuum, then it was applied for diclofenac determination.
The SEM image of the nanosensor indicated o smoother surface of the electrode because
the NPs filled the graphite gaps. The NPs also increased the electrochemical active area of
the working electrode [281].
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Three different types of SPEs modified with CNTs, carbon nanofibers and graphene
were tested for the simultaneous determination of paracetamol, ibuprofen and caffeine
in water samples. The best results were obtained by using the carbon nanofiber elec-
trode [282]. The investigation of SPEs (commercial and modified in the lab) based on
carbon nanomaterials (CNTs and graphene) was achieved for another simultaneous de-
termination of melatonin and serotonin. Concerning the electroactive area of both types
of SPEs, the electrode containing SWCNTs presented a higher surface in comparison with
the MWCNTs, meanwhile the graphene based SPE exhibited the highest one. The SPE
modified in the lab with graphene reduced nanoribbons presented the highest electroactive
surface area from all the analyzed electrodes. For the simultaneous determination of the
two substances, it was applied the SPE modified with graphene oxide nanoribbons [283].
Another simultaneous detection of three antiallergic drugs (phenylephrine, chlorpheni-
ramine, dextromethorphan) was performed by using a SPE drop-casted modified with
manganese hexacyanoferrate/chitosan nanocomposite. The TEM images indicated man-
ganese hexacyanoferrate nanocubes with a size of 162.9 nm homogenously distributed
over the chitosan nanoparticles [284]. MWCNTs and crown ethers have been used for
SPE modification leading to a potentiometric sensor applied for a sensitive, fast and sim-
ple determination of pioglitazone [285]. A SPE based on graphene quantum dots was
elaborated by drop casting and applied for isoproterenol sensitive detection [286]. Some
different SPEs modified with Gd2O3 NPs (size 23 nm, obtained via thermal precursor
decomposition), La3+/Co3O4 nanocubes and Fe3O4@cellulose nanocrystal/Cu nanocom-
posite and graphene have been developed for the determination of two antidepressant
drugs (venlafaxine and sertraline) [121,287,288]. Various nanomaterials used for SPEs
modification have been also employed for cysteine and acetaminophen analysis with
considerable performances [119,213].

5. Wearable Sensors in Healthcare—Some Recent Advances, Challenges
and Perspectives

Although significant achievements have been realized in the development of nano-
bio-sensors for point-of-care diagnostics including cancer, diabetes, malaria, HIV, it would
be greatly desirable to explore a wider category of nanomaterials with superior properties
to improve sensor performance for larger applications. The integration of nanomaterials
in point of care testing and the opportunity of realizing portable, easy to use, cost effec-
tive, and miniaturized analytical devices represent a continuous challenge, including for
personalized medicine. The next generation of point-of-care devices have to overcome the
actual limitations related to inadequate detection sensitivity to distinguish biomarkers at
the different stages of the diseases, while improving the selectivity at molecular level, for
monitoring patient health at anywhere and anytime [289,290].

Taking into account that rigid materials could be converted to flexible ones, when their
structures are reduced to nanoscale, wearable devices have revolutionized the healthcare
system by decreasing the hospitalization time and by providing more reliable and timely
information. Among other advantages are the comfortability and daily care possibilities.
Flexible wearables, textile-based wearables, epidermal-based wearables, biofluidic-based
wearables, or wearable drug delivery systems are only few examples. Wearables biosensing
devices can be employed for different body parts, monitoring different psychological and
physiological parameters (in saliva, blood, urine, sweat) that are crucial for the diagnoses or
treatment purpose [291]. For example, in diabetes, which is among a group of underlying
conditions with increased risk of severe COVID-19 disease, continuous glucose monitor
devices are now commercially available as Dexcom G6 [292], with triple action: sensor,
transmitter, and receiver. The automatic applicator- the sensor wire—is inserted under the
skin, the readings are transmitted to the receiver and visualized in real time. Another similar
approach, aiming to help diabetes monitorization and prevention of the complications, is
the development of tears-based wearable device, commercially available as Triggerfish [293]
that monitors the intraocular pressure of glaucoma patients for the diagnosis of diabetes.
Challenges in monitoring cardiac patients may have substantial solutions by developing

208



Materials 2021, 14, 6319

tattoo-based wearable device for ECG monitoring, which consists of miniaturized electronic
components built on a graphene/PMMA bilayer substrate, being effective for monitoring
different biopotentials like ECG, EMG and EEG signals [294–296].

As the wearables are tailored to an individual’s physiological responses, such as heart
rate, electrodermal activity-responsible for the emotional status and skin temperature, these
signals can be extracted using the autonomic nervous system and provide feedback to pa-
tients with neurological diseases, like epilepsy, Parkinson’s and Alzheimer’s disease [297].
Another future approach in sensing under routine and even sedentary activity can be
used to develop sweat-based biomarker monitoring practical for daily life, in a convenient
glove-based form, for rapid accumulation of natural thermoregulatory sweat without active
sweat stimulation. The fingertips, palm, and back of hand possess some of the highest
sweat gland densities on the body, being accessible sites for monitoring natural sweat, and
hence, glove-based sensing platforms (nitrile gloves and finger cots) are attractive for in
situ detection of diverse biomarkers, including electrolytes and xenobiotics [298]. In the
context of new challenges related to the COVID-19 pandemic, a major new driving force
should be directed toward the development of modern wearable medical devices, suitable
to monitor temperature, heart rate, sleep quality, blood oxygenation, which are crucial
parameters for the early detection of COVID-19.

6. Conclusions and Future Outlook

In this review, we aimed to highlight the great importance and recent development
of effective diagnostic tools for early detection of clinical biomarkers, not only in terms
of detecting disease, but also related to physiological signatures that are predictive of
potential disease. This comprehensive review is focused on the main types of metal NPs
and carbon-based nanomaterials used for electrochemical (bio)sensors design, especially
screen-printed electrodes, with their specific biomedical applications, improved analytical
performances and miniaturized form. A brief overview about metal NPs and carbon-based
nanomaterials concerning their synthesis, unique and specific properties and their use as
electrode modifiers have been summarized pointing out the medical and pharmaceutical
applications of the nano(bio)sensors based on SPEs. Some recent advances in the area
of two important and actual topics have been also emphasized: nanomaterials and SPEs
involvement in the COVID-19 management and wearable sensors in healthcare.

Nowadays, there is a tremendous need for rapid analysis, continuous monitoring
systems with high accuracy for biomolecular detection. Real-time diagnostic decision and
rapid manipulation is crucial, mainly in the context of COVID-19 pandemic management.
Nanotechnological approaches will extend the limits of currently employed (bio)sensors
and, moreover, they will open a new window toward personalized medicine, offering
new solutions to the main challenges in the diagnostic and therapeutic fields. Future
research should focus on some improvements concerning the nanomaterials characteristics
and the sensor design in order to enhance their performances with multi-disciplinary
efforts. The real sample analysis with more enhanced sensitivity and selectivity is still a
challenge for researchers aiming the validation of the electrochemical nano(bio)sensors in
comparison with the traditional analytical procedures. The reproducibility is another key
aspect which needs to be solved for large-scale production of electrochemical sensors and
their introduction on commercial market. The miniaturized, portable or wearable sensors
which can perform on-site and real-time analysis will gain tremendous importance at the
commercial level, with a huge impact on the health system.
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Abstract: Various perspectives had been utilized to enhance the poor intestinal permeability and
bioavailability of drugs with low water solubility. Berberine (Brb) is a unique molecule that pos-
sesses multiple therapeutic activities such as antimicrobial, anti-inflammatory, antioxidant and
anti-hyperglycemic effects. To improve Brb permeability and bioavailability, this study presents a
newly developed formulation, namely Brb hyaluronate-based liposomes, prepared by using film hy-
dration method and characterized by dynamic light scattering measurements, entrapment efficiency
percentage (EE%), transmission electron microscope (TEM), in vitro drug release and physical stabil-
ity. The bioavailability of the selected formulations was assessed in vivo after oral administration to
rats. The results revealed an enhanced effect of hyaluronic acid on the entrapment efficiency, reaching
78.1 ± 0.1% with mean size 520.7 ± 19.9 nm. Sustained release of Brb was recorded up to 24 h in
comparison to Brb solution. Physical stability was maintained for three months at refrigeration tem-
perature. Results of pharmacokinetics studies indicated the potential of the liposomal formulation to
increase the oral bioavailability of Brb and to accelerate its entry into the bloodstream. The obtained
results are accredited to the lipophilic nature of the prepared system, resembling the structural
features of bio-membrane, in addition to their small size that enhances intestinal penetration.

Keywords: liposomes; hyaluronic acid; full-factorial; berberine; bioavailability

1. Introduction

There is an increasing interest in the utilization of naturally existing compounds with
potential pharmacological effect in the management of different diseases. Berberine is
a wonderful bioactive alkaloid isolated from some medicinal Chinese herbs [1]. Brb are
widely applied in Chinese medicine for the management of hypertension and inflammatory
conditions [2]. The valuable properties of Brb is attributed to its diverse pharmacological
actions including its antimicrobial, antiprotozoal, antidiarrheal, anti-inflammatory, antiox-
idant [3], anticancer [4], antiviral [5], antidiabetic effects [6], in addition to its beneficial
effect on the cardiovascular and central nervous systems [7,8].

All these activities could permit the use of Brb in the treatment of many diseases.
However, Brb properties have limited its wide clinical applications. Brb is characterized
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by low aqueous solubility (1 mg/mL) and a partition coefficient of log p-value = −1.5.
This makes it a class III drug in the biopharmaceutical classification system, indicating its
poor membrane permeability that resulted in poor gastrointestinal absorption and low
bioavailability [9]. The low aqueous solubility of Brb is attributed to its self-aggregation
upon contact with GIT fluid. Moreover to Brb low solubility, the low bioavailability is as-
signed to the effect of drug efflux pump, which acts as an obstacle for the entrance of many
drugs [10], the first hepatic pass effect and the rapid metabolism by CYP 450-dependent pro-
cesses [2,11]. It has been reported that Brb has an efflux ratio of 13.8 that means that Brb is a
good substrate for P-glycoprotein [12]. Encapsulation of active ingredients into lipid-based
nanocarriers was a golden solution for the problems of low solubility and permeability
that could enhance both drug penetration and bioavailability. Lipid-based nanocarriers
could enhance intestinal absorption through different pathways including uptake through
microfold cells (M-cell), transcellular and paracellular permeation pathways [13].

Liposomes are one of the most widely utilized lipid based nanocarriers for enhancing
drugs bioavailability via the oral route due to their biocompatibility, safety and versa-
tility [14]. Many studies have been carried to increase stability permeability and biodis-
tribution of liposomes and enhance drug encapsulation [15–17]. Trials include coating
liposomes using different polymers. Li et al. formulated silica coated flexible liposomes to
increase liposomes structural integrity against the harshened environment of the GIT [18].
Other trials involved altering the composition of the liposomes (either lipid bilayer or core).
Catalan-Latorre et al. formulated eudragit and hyaluronan liposomes to ameliorate the
gastro-enteric the bioavailability and stability of curcumin [19]. Hathout et al. formulated
gelatinized core liposomes to decrease hydrophilic drug leakage and to increase liposomes
stability [20].

Based on the above findings, the goal of the current study was to formulate a novel for-
mulation, namely hyaluronate-based liposomes entrapping berberine using film hydration
method and to evaluate the effect of different preparation parameters on the physicochem-
ical properties of the prepared vesicles. Optimization of the formulation variables was
performed using full factorial design. Moreover, the potential of the investigated system to
enhance the lipophilicity and bioavailability of Brb and to sustain its in-vivo release rate
after oral administration to rats were assessed.

2. Materials and Methods

Berberine (Brb) (CAS 633-65-8) (purity > 95%) was obtained from Nanjing Zelang
Medical Technology Co. Ltd., Nanjing, China. Hyaluronic acid (HA) (CAS: 9004-61-9) was
purchased from Acros Organics, Fisher Scientific, England, UK. Soya bean phosphatidyl-
choline (PDC) CAS 8002-43-5 and cholesterol (CH) (CAS 57-88-5) were purchased from
Sigma-Aldrich (Darmstadt, Germany). Organic solvent including methanol and chloroform
were obtained from El-Nasr Pharmaceutical Co. (Cairo, Egypt).

2.1. Preparation and Optimization of the Berberine Loaded Liposomes

Brb loaded liposomes were formulated adapting the thin-film hydration method [21].
Full-factorial design was implemented to evaluate the impact of different variables on the
properties of the prepared vesicles. The investigated factors were the total lipid amount,
Brb and HA amounts all at 2 levels as follows: 100 and 200 mg, 10 and 50 mg and 0 and
30 mg for the total lipid, Brb and HA respectively. The optimized responses were the
entrapment efficiency percentage (EE%) and the mean size (MS) (Table 1). Briefly, organic
solvent mixture of chloroform and methanol in a ratio of 2:1 was used to dissolve the lipid
mixture of PDC and CH in a ratio of 7:3. Removal of the organic solvent to form a thin
film was performed using a rotary evaporator flask (IKA Laboratories, Staufen, Germany)
at 40 ◦C. Portion-wise addition of warmed HA solution (50 ◦C) was used to hydrate the
formed film. The formed liposomal suspension was subjected to shaking for 1 h in a water
bath (Kötterman, Uetze, Germany) maintained at 50 ◦C.
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Table 1. Composition, mean size and % EE of various berberine loaded liposomes.

Formulation
Variables (Independent Factors) Responses (Dependent Variables)

Berberine:Lipid Ratio Sodium Hyaluronate (mg) MS (nm) ± SD EE% ± SD

F1 1:10 0 494.9 ± 2.6 29.9 ± 0.6
F2 1:10 30 514.3 ± 9.7 55.9 ± 0.4
F3 1:20 0 207.1 ± 8.5 51.2 ± 0.5
F4 1:20 30 520.7 ± 19.9 78.1 ± 0.1
F5 1:2 0 748.5 ± 27.5 58.5 ± 0.2
F6 1:2 30 586.7 ± 36.6 77.9 ± 0.1
F7 1:4 0 825.7 ± 6.1 39.0 ± 0.1
F8 1:4 30 389.7 ± 46.8 67.0 ± 0.3

Total lipid: phosphatidylcholine and cholesterol in a ratio of 7:3. MS: mean size, % EE: percent entrapment efficiency. Each result is the
mean of three determinations ± SD.

2.2. Characterization of the Prepared Berberine Loaded Liposomes
2.2.1. Determination of the Particle Size of the Prepared Liposomes

The particle size (PS) of Brb loaded liposomal formulations was measured at room
temperature using Malvern Zetasizer Nano Series (Malvern Instruments, Malvern, UK)
employing Dynamic Light Scattering [22]. Dispersions were four folds diluted with de-
ionized water to avoid multi-scattering phenomena.

2.2.2. Measurement of the Entrapment Efficiency Percentages (EE%) of
Berberine Hydrochloride

An aliquot of the prepared Brb loaded liposomes was centrifuged at 25 ◦C (Hermle
Labortechnik, Wehingen, Germany) at 15,000 rpm for 1 h to separate the nanoparticles [23].
The free un-entrapped Brb in the clear supernatant was measured at 340 nm using a
UV—visible double beam Spectrophotometer (Shimadzu, Kyoto, Japan).

The entrapment efficiency was determined as follows:

EE% = [(Wt − Wf)/Wt] × 100

where Wt represents the total drug concentration added to the formulation, Wf represents
the amount of the free drug measured in the supernatant.

2.2.3. Transmission Electron Microscopy (TEM) of the Prepared Berberine
Loaded Liposomes

Morphological examination of the selected Brb hyaluronate-based liposomes (F4) was
examined using TEM at 25 ◦C (Jeol Electron Microscope, Tokyo, Japan). An unstained
droplet of the liposomes formulation was added to a carbon film-covered copper grid and
left for three minutes. Then, a filter paper was used to remove the excess liquid and the
sample was dried. Observation of the prepared sample by the microscope was performed
at resolution of 20,000 KV.

2.2.4. In Vitro Release Study of Berberine from the Prepared Liposomes

The in vitro drug release was performed using dissolution apparatus in phosphate
buffer saline (pH 6.8) to simulate the physiological environment following oral administra-
tion [2,24]. The selected formulae (F3, F4) and Brb solution were exposed to the dissolution
vessels containing 900 mL phosphate buffer saline of maintained at 37 ± 0.5 ◦C with a rota-
tion of 100 rpm. At pre-determined intervals (15, 30, 45, 60, 90, and 120 min), aliquots of the
medium were withdrawn, filtered with 0.45 µm filter and suitably diluted. The obtained
samples were observed spectrophotometrically at a maximum wavelength of 340 nm to
determine the concentration of the released Brb. All tests were conducted in triplicate.
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2.2.5. Assessing the Physical Stability of Berberine Hyaluronate-Based Liposomes

The mean size and entrapment efficiency of the selected berberine hyaluronate based
liposomes (F4) were re-measured after three months storage at 2–8 ◦C (refrigeration) using
the same procedures mentioned above.

2.3. Pharmacokinetics Study
2.3.1. Experimental Design

Animals were obtained from the animal house of the Faculty of Pharmacy, King
Abdulaziz University, Jeddah, Saudi Arabia. The in vivo study protocol was approved
by the Animal Ethics Committee of the Faculty of Pharmacy, King Abdulaziz University,
Jeddah, Saudi Arabia, in adherence with the Declaration of Helsinki, the Guiding Principle
in Care and Use of Animals (DHEW production NIH 80-23) and the Standards of Laboratory
Animal Care (NIH distribution #85-23, reconsidered in 1985). The study included three
randomly divided groups of male Wistar rats (N = 6/group): group 1, 2 and 3 received Brb
solution, Brb liposomes (F3), Brb hyaluronate-based liposomes (F4) respectively. Rats were
fasted for 16 h before the experiment and had free access to water. All groups administered
Brb dose of 50 mg/kg body weigh via intra-gastric gavage. At different time intervals,
blood samples (200 µL) were obtained from the medial canthus of the eye using capillary
tubes after drug administration. Blood samples were centrifuged at 3000 rpm for 10 min at
4 ◦C to separate plasma [25].

2.3.2. Sample Preparation and Calibration Curve

The analysis and the sample extraction technique were done applying the procedure
adapted by Xue et al. 2013 [26] with certain modifications. In brief, one hundred µL plasma
was transferred to test tube, then one hundred µL valsartan, 100 ng/µL as internal standard
was added followed by 250 µL acetonitrile. Vortex the mixture for 1 min, followed by
centrifugation for 15 min at 5300 rpm. One hundred µL of the supernatant was transferred
to the total recovery vial. The injection volume was five µL. The calibration curve for Brb
was assessed using blank plasma as a matrix. Stock solution of concentration 1 mg/mL of
Brb was prepared using ethanol as solvent. From the stock solution a series of working
solutions of Brb were prepared applying serial dilution technique. The calibration solutions
were prepared by spiking separately blank plasma with Brb solutions. The calibration
range was from 1.0 to 100.0 ng/mL of Brb with a fixed concentration of internal standard.
All solutions were extracted and analyzed applying the developed method.

2.3.3. Chromatographic System and Instrumentation

The analysis was done using triple quad mass spectrometer (Agilent 6460, Agilent
Technologies, Santa Clara, CA, USA). The instrument coupled with electrospray ionization
mass spec-trometer system. The system designed with a quaternary pump, and a column
compartment (Palo Alto, Santa Clara, CA, USA and controlled by MassHunter software
(version B.03.01, Build 3.1.346.0). The conditions of mass spectrometric measurements were
a gas temperature, 330 ◦C; gas flow rate, 11 L/min; nebulizer pressure; 35 psi, and capillary
voltage, 4300 V. The mass spectrometric settings were optimized for berberine, including
the fragmentor voltage, dwell time, and collision energy voltage. The column used for
separation at positive ion mode was anAgilent Eclipse Plus C8, 5 µm, 4.6 × 100 mm column.

The mobile system composition was of acetonitrile: water containing 0.1% w/v formic
acid in ratio 30: 70 v/v, with flow rate 0.5 mL/min. The TQ /MS conditions were optimized
by applying different and alternative values of fragmentor voltage, dwell time, and collision
energy (eV) and the optimum conditions were determined.

2.4. Data Analysis

Design Expert® v. 7.0 (Stat Ease, Minneapolis, MN, USA) was used to obtain the
models for the entrapment efficiency percentage (%) and the mean size. Analysis of the
obtained results were performed using ANOVA at p < 0.05 using GraphPad Prism® v.5.0
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(GraphPad Software, La Jolla, CA, USA). Pharmacokinetics parameters including maxi-
mum concentration (Cmax) and time of maximum concentration (Tmax) were determined
directly from the plasma concentration–time profiles. The area under the concentration–
time curve (AUC) from time zero to test time (AUC0−t) was calculated using GraphPad
Prism® v.5.0 (GraphPad Software, La Jolla, CA, USA).

3. Results and Discussion
3.1. Optimization of the Berberine Loaded Liposomal Formulations

Brb loaded liposomes were successfully prepared using film hydration method that
was easy to perform on small scale with the feasibility of scale up. In addition, thin film
hydration method includes the hydration of the formed lipid film using preheated aqueous
solution that enables decreasing the viscosity of HA. Optimization of the formulation
parameters were achieved using Design Expert® v. 7.0. Table 1 shows the optimized
responses (EE% and PS), while Table 2 shows the obtained models and the results of
ANOVA analysis for the responses of Brb liposomes with or without HA. The obtained
models were significant showing a good fitting (r-squared and adjusted r-squared values
above 0.98, with high predicted r-squared values). The difference between the predicted
and the adjusted values was <0.2 indicating their high agreement. In addition, the adequate
precision values of the models that reflect the signal-to noise ratio were high and above the
value of four showing the sensitivity and the adequacy of the models [27].

Table 2. Results of ANOVA analysis of entrapement efficiency and mean size of the berberine
loaded liposomes.

EE (%) MS

Suggested Model Factorial Factorial

Equation

% EE = +57.22 + 1.66 × A + 3.41
× B + 12.53 × C

− 9.24 × A × B + 1.19 × A × C
− 0.68 × B × C +
0.98 × A × B × C

PS (nm) = +535.94 − 50.17 × A
+ 101.68 × B −

33.10 × C + 20.21 × A × B +
2.51 × A × C −

116.36 × B × C − 71.05 × A ×
B × C

r2 0.9996 0.9877
Adjusted r2 0.9995 0.9824
Predicted r2 0.9992 0.9724

Adequate precision 220.858 43.267

Figure 1(A) shows the 3D surface plots of EE% as a model response. The plots show
the effect of factors interaction on the Brb entrapment efficiency. The results indicate the
effect of the different independent variables on the EE%, as investigated by the broad range
of EE% from 29.91% to 78.12%. As revealed from the magnitude and sign of the estimated
coefficients of the obtained equation, the presence of HA (C) has the significant effect on
EE%. In addition the higher positive coefficient value observed for HA amount (C) in
comparison to lipid and Brb amounts (A and B) indicates its more enhanced effect.

The significant increase in the Brb EE% due to the presence of HA could be attributed
to two main factors, firstly the ionic interaction between the quaternary ammonium group
of Brb and the negatively charged carboxyl group of HA resulted in encapsulating more
drug in the hyaluronated core of the prepared liposomes decreasing the drug leakage [28].
Secondly, the effect of HA presence on raising the viscosity of the inner core of the vesicles
and the aqueous environment surrounding the lipid bi-layers with a subsequent decrease
in the drug leakage from the vesicles.
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Figure 1. Three-dimensional (3D) response surface plots showing the effect of the independent variables on liposomes
particle size and entrapment efficiency percent: A—total lipid amount (mg), B—berberine (mg), C—hyaluronic acid (mg).

Figure 1(B) shows the 3D surface plots related to the particle size response modeling.
The plots show the effect of factors interaction on the particle size. The results indicate
the enhanced effect of the different independent variables on the PS, (ranging from to
389.7 to 825.7 nm). Upon inspection of the obtained equation, it can be deduced from the
magnitude and sign of the estimated coefficients that Brb amount (B) has the major effect
on PS. In addition the high positive coefficient value observed for Brb amount (B) indicates
its significant effect. In contrast, the negative coefficient values observed for lipid amount
(A) and HA present (C), indicating that these variables are insignificant in predicting PS.

Consequently, the formulation prepared using 200 mg total lipid, 30 mg HA and 10 mg
Brb (F4) with EE% of 78.12 ± 0.13% and PS equal to 520.7 ± 19.98 was selected for the
further studies.
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3.2. TEM

Figure 2 reveals the TEM images of selected Brb hyaluronate-based liposomes at room
temperature. The figure reveals the multi-lamellar structure of the vesicles’ bilayer and
the obvious deformation of the prepared particles. The dark color of the interior core of
the vesicles indicates the occupation of the core with HA. The irregularity of the formed
vesicles is assigned to the high viscosity of HA inside the vesicles at 25 ◦C resulting in
vesicles deformation.
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Figure 2. Transmission electron microscope of berberine hyaluronate based liposomes, showing the nearly spherical shape
(A) and the multi-lamellar structure of the vesicles bilayer (B) of the prepared liposomes.

3.3. In Vitro Release Studies of Berberine from the Prepared Liposomes

It has been reported that Brb water solubility is affected by temperature condition
and buffer constitution. Brb solubility in phosphate buffer was reported to be the highest
among other buffers, like borate or phthalate buffer [9], therefore phosphate buffer was
used to study Brb dissolution rate from the prepared vesicles to justify its sustained
behavior. Figure 3 shows the in vitro release of Brb from the selected Brb hyaluronate-based
liposomes (F4) in comparison to formulation containing the same lipid and drug amounts
but without HA (F3) and Brb solution in phosphate buffer saline. As revealed Brb free drug
solution showed fast release rate with 100% released within 6 h. Conversely, Brb liposomes
showed a biphasic slower release rates especially hyaluronate-based liposomes; the initial
burst effect may be attributed to the drug near the liposomes surface. F4 demonstrated
the lowest initial burst effect as compared to F3 and drug solution; in addition, it revealed
the slowest and the most sustained release profile. The enhanced sustained release of Brb
from hyaluronate based liposomes may be assigned to the ionic interaction between the
quaternary ammonium group of Brb and the negatively charged carboxyl ion of HA. In
addition, HA is a hydrophilic water soluble polymer that was solubilized in the aqueous
core of the formed vesicles and its presence could increase the viscosity of the inner
core due to its high molecular weight and hence decreases the entrapped drug diffusion
and improves its release control. These two factors contribute to the sustained release
of berberine from Brb loaded HA based liposomes. The release of Brb from HA based
liposomes showed Higuchi kinetics model after fitting the release data to different models
based on the highest regression coefficients. Brb is well known for its low water solubility
(1 mg/mL) and log P of –1.5, which implies its ability to be incorporated within the vesicles’
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bilayer to a certain limit. In the present work berberine was used as its hydrochloride salt;
therefore it was entrapped in the aqueous core of the liposomes. In addition, the presence
of HA augment the incorporation of more drug in the hydrophilic core of the vesicles
which is assured by the higher drug entrapment efficiency of hyaluronate-based liposomes.
Our results are in accordance with a previous study [28,29].
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Figure 3. Cumulative in vitro release of berberine from different berberine formulations in phosphate
buffer saline (pH 6.8), each result is the mean of three determinations ± SD.

3.4. Physical Stability

Results of the stability of F4 revealed acceptable stability with no statistically signifi-
cant difference (p < 0.05) compared to initial values recording 502.57 ± 8.42 for the mean
size and 77.74 ± 0.14% for the EE% after storage for 3 months. The results indicate the
effect of the HA on supporting the physical stability of the prepared liposomes.

3.5. Pharmacokinetics Study

The parameters of HPLC method were validated according to ICH guidelines. The
peak area ratios of Brb to internal standard were found linear with regression coefficient
0.9984 in the concentration range, 1.0 to 100.0 ng/mL of Brb. The concentrations of the Brb
after extraction at different set points were calculated, referring to the obtained regression
equation. The QQQ-MS optimum conditions were optimized where tR showed 9.11 min,
+MRM transition (m/z) ranged from 336.3 to 321.1, Dwell time was 200 ms at fragmentation
voltage of 135 V and collision energy of 20 eV.

Figure 4 shows a representative mass spectrum of berberine of concentration 1 ng/mL
after extraction from plasma applying multiple reaction monitoring mode (MRM) to
increase the sensitivity and selectivity of the measurement. The MRM transition mode
applied for berberine was a precursor ion of m/z coupled with main fragment ion of
berberine of m/z 321.1. The comparative pharmacokinetic profiles of Brb solution, Brb
liposomes and Brb hyaluronate-based liposomes after oral administration to rats at a dose
of 50 mg/kg are shown in Figure 4, and pharmacokinetic parameters (Cmax, Tmax, and
AUC0–24) are summarized in Table 3.
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Table 3. The calculated pharmacokinetic parameters of rats in different groups after administration
of a single oral dose of berberine of 50 mg/kg body weight.

Brb Solution Brb Liposomes Brb Hyaluronate
Based Liposomes

Cmax (ng/mL) 21.51 ± 4.71 36.54 ± 0.77 67.79 ± 1.12
Tmax (h) 1 8 8

AUC 194.8 ± 6.73 439.9 ± 14.39 854 ± 23.69
Relative

bioavailability - 2.26 4.38

Data represents mean ± standard deviation.

It was obvious from Brb plasma concentration-time profile that Brb shows two absorp-
tion peaks, which may be attributed to enterohepatic circulation, which is in accordance
with previous study [30]. However, other reasons may include the fast absorption of
unentrapped adsorbed drug on the liposomes surface followed by the slower absorption
through the lymphatic pathway [31].

Cmax value increased in the order of Brb hyaluronate-based liposomes > Brb lipo-
somes > Brb solution. The obtained Cmax after oral administration of Brb solution was
21.5 ± 4.71 ng/mL, while Cmax of Brb liposomes and Brb hyaluronate-based liposomes
were 31.26 ± 0.109 and 53.61 ± respectively. Furthermore, the AUC0–24 of Brb solution,
Brb liposomes and Brb hyaluronate-based liposomes were 194.8, 439.9 and 854 ng h/mL
respectively. The higher Cmax peaks and the greater AUC0–24 values of Brb liposomes
and Brb hyaluronate-based liposomes indicate the greater absorption rate of Brb from
liposomes. In addition, the delayed Tmax (8 h) of Brb liposomes and Brb hyaluronate-based
liposomes in comparison to Brb solution (1 h) indicates the slow sustained release of Brb,
which correlates with the in vitro dissolution study.

In addition, approximately 2.26- and 4.38-fold increases in relative bioavailability were
achieved within Brb liposomes and Brb hyaluronate-based liposomes, respectively, when
compared with the free Brb solution. Results of pharmacokinetics studies indicate that
the oral bioavailability of Brb was increased and the entrance of Brb into the bloodstream
was accelerated upon its encapsulation into vesicular system. The obtained results are
accredited to the lipophilic nature of the prepared system, resembling the bio-membrane,
in addition to the vesicles small size that enhances intestinal penetration [32].
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4. Conclusions

The present study suggests that the hyaluronate-based liposomes are suitable for-
mulations for successful delivery of Brb. Different formulation variables (lipid, drug and
hyaluronic acid amounts) have a significant effect on the physicochemical characteristics of
the prepared system using film hydration method. The physicochemical characterization
and the results of in vitro release displayed multi-lamellar vesicles with acceptable particle
size, high Brb entrapment efficiency and sustained drug release for 24 h. The presence of
hyaluronic acid as a main component in liposomes preparation was able to slow berberine
diffusion from the vesicles. Moreover, observing the pharmacokinetic behavior after oral
administration of Brb hyaluronate-based liposomes to rats could improve lipophilicity and
bioavailability of the investigated system compared to Brb solution and Brb liposomes
prepared without hyaluronic acid. Further investigations are required in order to obtain
smaller liposomal formulations, with multiple applications, such as targeted and controlled
delivery of the bioactive compound, in addition to pharmacodynamics studies based on
the diseases.
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Abstract: In order to overcome the limitations of current endodontic sealers, especially against
resistant bacteria, recent developments in the field of nanotechnology have proved the necessity
to reconsider the composition and physico-chemical properties of classical sealers. Nanoparticles
with their unique features in terms of small size and high specific surface area, are the best choice
for incorporation of antiseptic agents and effective delivery. The aim of our study is to prepare a
novel platform for antibacterial drug delivery in dental adhesive systems used in endodontics. For
this purpose, multi-walled carbon nanotubes (MWCNTs) encapsulating chlorhexidine (CHX) and
colloidal silver nanoparticles (AgNPs) were prepared and incorporated into commercial sealer and
investigated in terms of bonding performance to dentin and effectiveness against E. faecalis, S. aureus
and Candida albicans, which are responsible for the majority of the failures in endodontic treatments.
In this context, the challenges related to the long-term biological effects of CHX/AgNPs loaded
MWCNTs are discussed.

Keywords: endodontic sealer; CNTs; chlorhexidine; silver nanoparticles; antimicrobial

1. Introduction

The development of “smart” endodontic therapeutic agents and materials has emerged
in the context of a new era of nanomaterials. Despite the reported success rate of classical
endodontic treatments (96%) [1,2], failure still occurs as a result of improperly cleaning
and shaping of root canal, or microleakage of sealing material [3]. A combination of ade-
quate instrumentation, irrigation, root canal obturation and sealing are the essential steps
for successful endodontic treatment. The main goal of the treatment is to eliminate the
microorganisms and to prevent root canal reinfection, knowing that the primary causes
of apical periodontitis are related to the microbial infection of the pulp, produced by
metabolic products [4]. However, due to the complexity of anatomical and morphologi-
cal architecture of root canal system and the resistant bacteria, the complete cleaning by
chemo-mechanical techniques cannot be achieved. The traditional root canal irrigants are
hypochlorite (NaOCl) and chlorhexidine (CHX), which are extensively used in endodontic
therapy with good antimicrobial efficacy against both Gram-positive and Gram-negative
bacteria and acceptable biocompatibility [5–8]. There are some limitations, however, as
the direct application of NaOCl is associated with tissue destructions (mainly dissolution
of collagen network, due to the braking of carbon bonds, affecting the primary structure),
depending on the concentration and application time [6]. On the other hand, chlorhexi-
dine digluconate showed a dose dependent inhibition mechanism and positive effect in
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stabilization of resin dentinal bonds when was applied after acid etching [9,10]. The final
stage of non-surgical root canal treatment consists of application of endodontic sealers, a
tree dimensionally obturating root canal system, acting for long term and being capable of
filling the voids between gutta-percha and dentinal canal walls [11,12]. The adequate filling
of the empty space is crucial in completing the sterility, and hence, preventing reinfection
of root canal. According to the literature [12–15], the requirements of an ideal root canal
sealer are: (1) excellent sealing ability when set; (2) sufficient setting time to ensure working
time; (3) dimensional stability; (4) insolubility against tissue fluids; (4) good adhesion to
canal walls; (5) suitable antimicrobial properties; and (6) biocompatibility.

A great variety of endodontic sealers are commercially available and classified accord-
ing to the chemical composition: zinc oxide eugenol, epoxy resin-based, glass ionomer-
based, calcium hydroxide-based and methacrylate-resin–based sealers [15–17]. In terms
of biocompatibility, previous studies suggested that bioactive sealers may exhibit lower
cytotoxic potential compared to other types of root canal sealer [17].

Nanotechnology has lately emerged as a discipline at the interface of chemistry and
life sciences; nanoparticles and carbon-based nanomaterials have attracted huge interest in
the recent years being widely applied in the biomedical field [18–23]. The concentrated
efforts to develop “nanomodified” dental materials resulted in the incorporation of various
nanoparticles to increase the surface area between the dentin and the obturating material.
The smaller particles size increases the contact surface area and hence, possesses a higher
antimicrobial effect than the macro sized material [24–26].

Since nanoparticles are able to penetrate into dentinal tubuli, the development of new
generation of endodontic sealers is an important goal of improving comprehensive oral
health. In the field of endodontics, the development of nanomaterials is focused toward
overcoming the microbial challenge, and hence, new sealers are expected to possess multi-
ple actions in terms of better sealing capacity, remineralization and enhanced antimicrobial
effect [26–29]. Especially AgNPs are well known to interact with the bacterial cell mem-
brane, and consequently, to increase permeability and prevent DNA replication. However,
the increased cytotoxicity of AgNPs at elevated concentrations, due to their size and surface
characteristics, may cause nonspecific oxidative damages [30,31]. Examples of organic
and inorganic antimicrobial nanoparticles used in root canal obturation and adhesives are:
silver nanoparticles (AgNPs), copper CuNPs, ZnO NPs, hydroxyapatite NPs, TiO2 NPs,
chitosan NPs and quaternary ammonium polyethyleneimine NPs (QAPEI), as presented in
a recent review paper by Makvandi et al. [27]. Among the organic nanostructures, carbon
nanotubes (CNT) have unique physico-chemical, mechanical and electrical characteristics,
such as high stiffness, axial strength and excellent thermal conductivity, due to their cylin-
drical graphitic structure, with nano-sized diameter and larger aspect ratio [1,2]. The Young
modulus value is much higher than those of typically found in stainless steel and carbon
fibers [2]. CNTs also have the capacity to easily pass the biological barriers and the ability
to carry macromolecules unable to pass through cellular membrane by themselves, leading
to novel, biocompatible delivery systems, including in endodontic treatments [2,28].

The majority of antibiotics and antiseptic agents provide short-term antibacterial
effects, with a risk of developing antibacterial resistance. In this context, the aim of our
study was to prepare a platform for long-lasting antibacterial and antifungal drug delivery,
as a novel endodontic sealer obtained by nanomodification, incorporating a mixture of
CNTs, CHX and AgNPs. The possible synergic effect of AgNPs, CHX 2% and CNTs was
also explored, without altering the structural, ultrastructural and thermal behavior of the
original sealer. The phyisico-chemical, structural and morphological characterization of
both the original and nanomodified sealer was performed by using FTIR spectroscopy,
scanning electron microscopy (SEM), cyclic voltammetry and nanoindentation measure-
ments, with focus on the assessment of interfacial adaptation to root canal dentine. The
impact of CNTs loaded with CHX/AgNPs mixture on the nanomechanical properties of
the sealer was also discussed. Complementary, thermal analysis (TGA) were performed in
order to investigate the stability of modified sealer upon addition of CNTs/CHX/AgNPs
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mixture. The antimicrobial and antifungal efficacy of the novel endodontic sealer was
tested against Enterococcus faecalis, Staphylococcus aureus and Candida albicans.

2. Materials and Methods
2.1. Preparation of CHX/AgNPs Loaded CNTs and Incorporation into Endodontic Sealer

The starting materials were commercial clorhexidine gluconate gel GLUCO-CheX
2% (Cerkamed, Stalowa Wola, Poland), ionic colloidal silver Argentum Special Pure Life®

77 ppm (Agnes Itara SRL, Suceava, Romania), multi-walled CNTs (NC3100, Nanocyl,
Sambreville, Belgium) and ADSEAL (resin-based root canal sealer, META® BIOMED,
Chungcheongbuk-do, Korea). According to the manufacturer, the formulations consist of
ionic silver with purity 99.99% and particle size 4–9 nm (determined by TEM), while the
size of the CNTs are 9.5 nm in diameter and 1.5 µm length. The composition of ADSEAL
consists of: base (epoxy oligomer resin, ethylene glycol salicylate, calcium phosphate,
zirconium oxide, bismuth subcarbonate) and catalyst (poly butanediol aminobenzoate,
triethanolamine, calcium phosphate, bismuth subcarbonate, zirconium oxide).

The modified sealer was prepared as follows: 10 mL of colloidal silver (77 ppm),
12.5 mg CNTs and 0.5 mL CHX 2% were mixed by sonication and stirring during 1 h. A
volume of 1 mL of this mixture was left overnight for water evaporation (leading to a gel
composition) and then was added to 1 g of commercial endodontic sealer, and mixed until
homogenized, following the manufacturers’ instructions. The composition was applied on
the endodontic canal of 20 human permanent incisors, specially prepared, as described in
the Section 2.7.

2.2. FTIR Spectroscopy

The structural characterization of both commercial and nanomodified endodontic
sealer was performed using an FTIR 780 spectrophotometer (PG Instruments, Leicestershire,
UK) and the KBr technique, operating in the range of 400–4000 cm−1, with a scanning
speed of 32 cm−1 and spectral width of 2.0 cm−1. For this purpose, after hardening, the
specimens were ground using a dental milling machine (Benco Dental, Pittston, PA, USA)
in order to obtain a fine powder suitable for KBr pellet preparation. FTIR spectra of CNTs
as supplied from the manufacturer, were also recorded in the same conditions. CaF2 cell
accessory was used in order to acquire the FTIR spectra of colloidal mixtures containing
CNTs, CHX and AgNPs.

2.3. SEM Examination (Mixture AgNPs/CHX/CNTs, Commercial and Nanomodified Sealer)

For SEM investigation, the materials were prepared according to the manufacturer
instructions and applied on specially designed plastic inserts and left until hardening. The
microscopic details were recorded on fracture surface of both commercial and modified
material using a Leo 438VP electron microscope (SEM, Oberkochen, Germany), operating
at 30 kV, with a variable vacuum level. In order to study the detailed morphology, structure
and elemental composition, the polished specimens were characterized by a Quanta FEG
250 SEM instrument (FEI, Breda, The Netherlands) using a back scattered electron detector
(BSD) and energy dispersive X-ray spectroscopy (EDX, using an Apolo SSD detector,
EDAX Inc., Mahwah, NJ, USA). The microstructure investigations and EDX analysis were
performed at about 10 mm working distance (WD) in low vacuum mode in order to avoid
surface charging and damage to the analyzed samples. The details of the CNTs before and
after loading with AgNPs/CHX mixture were also recorded in the same conditions.

2.4. Electrochemical Measurements

Screen printed electrodes (DRP 110, Metrohm-DropSens, Oviedo, Spain) were used for
electrochemical analysis. The setup consisted of a Ag reference electrode, carbon counter
electrode and another carbon electrode as a working one. The experiments were carried
out using a potentiostat Autolab PGSTAT 128N (Metrohm, Utrecht, The Netherlands)
equipped with Nova 2.1.2 software. In order to assess the electrochemical behavior of the
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colloidal mixture and of its individual components, differential pulse voltammetry (DPV)
was performed employing the following parameters: start potential −1 V, end potential
+1.5 V, step 0.01 V, modulation amplitude 0.05 V, modulation time 0.05 s, interval time 0.1 s.
In the case of ionic Ag solution, a reduction process was previously applied using the same
DPV method.

2.5. Nanoindentation Measurements

The endodontic sealer specimens (with and without modifications) were subjected
to nano-mechanical tests using a depth sensing Nanoindenter G200 device (Agilent Tech-
nologies, Santa Clara, CA, USA), at room temperature and normal humidity (45–52%),
applying a diamond Berkovich pyramidal shaped tip. Each indentation test (consisting
of a loading and unloading phase) was repeated 12 times, the microscopic image of the
selected area on the sample surface allowed precise control between the sample position
and the indenter. The values of the Young modulus were obtained from load–displacement
curves, by fitting parameters, using the Oliver–Pharr method [29], taking into account the
tip shape function and the fact that the measured displacement may include contributions
from both the specimen and the indenter.

2.6. Thermogravimetrical Analysis (TGA)

TGA thermograms were recorded using a TG 209 F1 Libra (NETZSCH-Gerätebau
GmbH, Selb, Germany) thermogravimetric analyzer. The measurements were carried out
in a nitrogen atmosphere, in the temperature range of 20–850 ◦C, with a heating rate of
10 ◦C/min. The data were processed with the Netzsch Proteus-Thermal Analysis program
version 6.1.0. (NETZSCH-Geraetebau GmbH, Selb, Germany).

2.7. SEM Investigation of the Interfacial Adaptation to Root Canal Dentine

A total of 20 human permanent incisors were selected for this study. The selected
teeth were extracted for orthodontic reasons, with patient informed consent, available from
the Dental Clinic of Faculty of Medicine and Pharmacy, University of Oradea. The protocol
was approved by the Institutional Research Ethics Committee of the Faculty of Medicine
and Pharmacy, University of Oradea [Nr. 2/31.03.2021]. As a first step, the teeth were
endodontically prepared, by making an access cavity with a round diamond bur. After the
access cavity was made, each tooth was irrigated with 5% sodium hypochlorite (Cerkamed,
Stalowa Wola, Poland). The next step was to determine the working length with a stainless-
steel 0.10 K-file (VDW, Munich, Germany) and an endodontic ruler (Angelus, Londrina,
Brazil). Having the working length determined, the next step was to enlarge the coronal
one third of the canal with an endodontic preflaring file-SX file (0.19/0.04 taper) from
the Protaper Universal system, at 250 rpm and 3.0 torque, with the endodontic motor
X-smart plus (Dentsply Maillefer, Ballaigues, Switzerland). The glide path was established
with Proglider File (0.16/0.02 variably, Dentsply Maillefer, Ballaigues, Switzerland). The
next step was to prepare the teeth with the endodontic file system, ProTaper Universal
(S1 0.17/0.02, S2 0.12/0.04, F1 0.12/0.07, F2 0.25/0.08, F3 0.30/0.09 Dentsply Maillefer,
Ballagues, Switzerland) and cleaning with 5.25% NaOCl. A final rinse was made with
17% EDTA solution (Cerkamed, Stalowa Wola, Poland), followed by a 10 min ultrasonic
treatment in distilled water. A longitudinal section was applied to each specimen using a
diamond coated disk, in order to expose the root canal. Half of the sections of the prepared
teeth were coated, in the root canal area, with the commercial sealer ADSEAL, respectively,
the other half with the modified one, according to the manufacturer recommendations
and stored at 37 ◦C and 100% humidity for 48 h before SEM investigation. Each half
was transversely sectioned in the median zone in order to investigate the ultrastructural
details of the interfacial area between the sealer and dentine. In this way, it was possible
to evaluate each individual specimen in terms of interfacial adaptation toward modified
and unmodified sealer, allowing a fair comparison, taking into account the structural and
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morphological particularities of each root canal. The SEM images at the interface between
the root canal and the sealer were recorded in back-scattering mode.

2.8. Antimicrobial and Antifungal Efficacy

The following strains were considered for antimicrobial and antifungal tests:
Enterococcus faecalis ATCC® 29212, Staphylococcus aureus ATCC® 25923) and fungi

(Candida albicans ATCC® 10231), being supplied by Biostandard Laboratories Oradea. Five
test tubes were prepared as follows: 1 mL of bacterial inoculum suspension in concentration
of 1.5 × 108 CFU/mL, which corresponds to standard 0.5 McFarland (prepared in Mueller
Hinton broth) was added to 1 mL of each tested combination: (1) CNTs/AgNPs/ CXH 2%;
(2) CNTs/H2O; (3) CNTs /AgNPs; (4) CNTs /CXH 2%; (5) AgNPs; (6) CHX 2%. The test
tubes were incubated for 1 h at 37 ◦C, and then the content was spread on the surface of the
inoculated broth in Petri dishes, and incubated for 24 h at 37 ◦C. Similarly, an antifungal
test was conducted, except that Sabouraud Dextrose agar (Oxoid, Thermo Fisher Scientific
Inc., Milan, Italy) was used for the cultivation of C. albicans strain, in a concentration of 2.0
McFarland. All the tests were performed in triplicate and the CFU/mL was determined by
manual reading.

The positive controls were well known antimicrobial and antifungal drugs, gentamicin
and nystatin. Different dilutions of the control drugs were prepared in order to assess
their minimum inhibition concentration and the following concentrations were considered
effective: 25 µg/mL gentamicin for S. aureus, 100 µg/mL gentamicin for E. faecalis and
5 µg/mL nystatin for C. albicans. In order to assess the antimicrobial activity of the set
sealers, both solid samples (with and without the combination CNTs/AgNPs/ CXH 2%),
set and aged for 7 days, were ground in a dental mill until a fine powder was obtained
and the agar diffusion test was performed in this case. A small hole of 6 mm diameter was
prepared in the center of each Petri dish and filled immediately with equal quantities of
the resulted powder from both modified and commercial sealer. After 24 h incubation, the
diameter of the inhibition area was measured. The assay was performed in triplicate and
expressed as mean value ± standard deviation.

3. Results
3.1. FTIR Spectroscopy

As presented in Figure 1, neat CNTs do not present any specific vibrational features,
while AgNPs shows one single absorption peak at 572 cm−1, characteristic for Ag-O
stretching vibration [30,31]. Chlorhexidine gluconate presents a characteristic, intensive
peak at 1590 cm−1, accompanied by less intense satellites at 1650 and 1550 cm−1, which can
be attributed to the C=C stretching of the aromatic moiety of CHX. In the high wavenumber
regions, the two peaks at 3135 cm−1 and 3320 cm−1 regions are attributed to asymmetric
and symmetric –NH vibrations, which are also suggestive of CHX. The main fingerprints
of the commercial sealer are 742 cm−1 and 914 cm−1, which are due to the contribution of
epoxy rings (the most important functional groups), 1020 and 1237 cm−1 corresponding to
symmetrical and asymmetrical aromatic C-O stretch, 1510–1680 cm−1 corresponding to
C-C stretching vibration in aromatic rings, and the peaks around 2930 cm−1 corresponding
to symmetrical and asymmetrical C-H stretch of –CH2 groups [32–34].
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Figure 1. FTIR spectra of modified root canal sealer obtained by incorporation of (a) 
AgNPs/CHX/CNTs mixture; (b) commercial root canal sealer (ADSeal); (c) chlorhexidine gluconate 
gel; (d) colloidal AgNPs and (e) neat CNTs (as received from the manufacturer). 

The FTIR vibrational features of modified sealer preserved all the fingerprints of the 
blended components, while the main peaks of the epoxide groups are visible at the same 
wavenumbers as in the spectrum of neat sealer and the intensity of the bands at 572 cm−1, 
1020 and 1237 cm−1 are enhanced. This behavior is due to the overlapping of C-O vibra-
tions and those of the ether bonds. Additionally, in the high wavenumber region, the 
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Figure 1. FTIR spectra of modified root canal sealer obtained by incorporation of (a) Ag-
NPs/CHX/CNTs mixture; (b) commercial root canal sealer (ADSeal); (c) chlorhexidine gluconate gel;
(d) colloidal AgNPs and (e) neat CNTs (as received from the manufacturer).

The FTIR vibrational features of modified sealer preserved all the fingerprints of
the blended components, while the main peaks of the epoxide groups are visible at the
same wavenumbers as in the spectrum of neat sealer and the intensity of the bands at
572 cm−1, 1020 and 1237 cm−1 are enhanced. This behavior is due to the overlapping
of C-O vibrations and those of the ether bonds. Additionally, in the high wavenumber
region, the peaks between 2930–3417 cm−1 indicates the vibration of hydroxyl groups of
epoxy resin superimposed over the asymmetric/symmetric –NH vibrations in CHX. As
the main fingerprints of the neat sealer are preserved and no additional vibration bands (or
disappearance of the existing ones) occurred, we can interpret that there is no chemical
reaction between the original epoxy resin and the blended components (CNT, AgNPs and
CHX). Hence, the sealer acts as a “reservoir” for the active ingredients.

3.2. Electrochemical Measurements

The electrochemical profile of colloidal AgNPs, CHX 2% and the mixture CNTs/
AgNPs/CHX 2% investigated on screen printed electrodes, is presented in Figure 2. The
electrochemical oxidation of CHX revealed four anodic peaks at 0.267 V, 0.427 V, 0.913 V
and 1.305 V. The ionic Ag+ solution indicated a cathodic peak at around −0.1 V (not visible
in the figure) due to the reduction of Ag+, which was then re-oxidized at 0.1 V [35]. This
oxidation peak was also found in the DPV of the mixture at almost the same potential. The
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main electrochemical features of CHX in the mixture CNTs/AgNPs/CHX2% were slightly
shifted concerning the potential values (0.386 V, 0.632 V, and 0.967 V), while the first two
oxidation peaks of CHX alone (at 0.267 V, 0.427 V) might be merged into one single peak
in the case of the mixture (at 0.386 V). According to the literature [36–38], CHX oxidation
leads to two p-chloraniline and two biguanidine molecules.
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Figure 2. Differential pulse voltammetry of colloidal AgNPs, CHX 2% solution and the mixture
CNTs/CHX/AgNPs.

3.3. SEM Investigation of Modified Root Canal Sealer

Prior to blending all the components, the morphology of CNTs was investigated
(Figure 3). By comparing the morphological details of CNTs before and after loading with
the mixture of CHX/AgNPs, an increased diameter of the nanotubes can be noticed after
loading leading to a tighter matrix (Figure 3a,b). A good stability of CNTs loaded with
CHX/AgNPs was also noticed compared to neat CNTs, when dispersed in distilled water,
as presented in photographic images (Figure 3c), revealing the homogeneity of the colloidal
mixture.

After blending the components and waiting for the setting time, according to the
manufacturer’s instructions, SEM images were recorded on the fractured surface of neat
and modified sealer, without any other surface preparation, as presented in Figure 4.
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observed on the surface fracture of epoxy nanocomposites. Furthermore, the reinforce-
ment mechanism is more effective when the height difference between the cleavage planes 
increases. High magnification details of the polished specimens are presented in Figure 5, 
along with the corresponding EDX spectrum.  

 

Figure 3. SEM morphological details of CNTs as received from the manufacturer, before (a) and after
(b) loading with the mixture CHX/AgNPs (High magnification, 100,000×); (c) photographic image
of colloidal CNTs in distilled water (left) compared to colloidal mixture CHX/AgNPs (right).
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Figure 4. SEM images (low magnification, 400×) of the fracture surface of neat endodontic sealer (a)
and modified sealer after incorporation of CNTs/CHX/AgNPs (b).

It can be observed that there is a good dispersion of CNTs/CHX/AgNPs in the
epoxy matrix, while multiple cleavage planes can be noticed on the fracture surface of the
modified sealer, compared to the neat one. According to some authors [39–43] the better
the nano-fillers disperse, the greater number and the smaller size of the cleavage planes are
observed on the surface fracture of epoxy nanocomposites. Furthermore, the reinforcement
mechanism is more effective when the height difference between the cleavage planes
increases. High magnification details of the polished specimens are presented in Figure 5,
along with the corresponding EDX spectrum.
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Figure 5. Ultrastructure details of commercial (a) and modified root canal sealer (c) along with the
corresponding EDX spectrum (b,d).

The details presented in Figure 5 emphasize not only a good dispersion of CNTs/CHX/
AgNPs in the epoxy matrix, but also the presence of inorganic components and radiopacifi-
ers—calcium phosphate, zirconium oxide and bismuth carbonate. The relative inten-
sity of the main elements (especially C and O) is obviously influenced by addition of
CNTs/CHX/AgNPs, although the presence of Ag was not identified in the EDX spectrum,
due to the detection limit of the instrument.

3.4. Nanoindentation Measurements

After setting and hardening, load–displacement curves were recorded for the two sets
of prepared specimens, the commercial sealer and CNTs/CHX/AgNPs modified one, as
presented in Figure 6a.
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Figure 6. Load–displacement curves (a) recorded on the surface of commercial (black) and modified
sealer (red) and the corresponding Young modulus calculation (b).

According to the curves’ profile, it can be observed that the addition of CNTs/CHX/
AgNPs to the commercial epoxy-based sealer enhanced the nanomechanical properties of
the composite: a peak force of 85 mN was necessary to apply on the surface of the modified
sealer, compared to 60 mN for the commercial one, in order to reach the same displacement
(3300 nm). Average elastic modulus values obtained from the fitting parameters revealed a
maximum value E = 0.25 GPa for the modified sealer, compared with E = 0.15 GPa for the
neat sealer. The results displayed in Figure 6 demonstrate a slight reinforcement due to the
addition of CNTs/CHX/AgNPs, with respect to the selected concentrations, as described
in Section 2.1. An increased trend of the modulus at higher CNT content has been reported
previously [44,45].

3.5. Thermal Analysis

Thermogravimetric analysis (TGA) and first derivative curves (DTG) for the modified
and commercial sealer are presented in Figure 7. It can be noticed that both sealers have
almost the same degradation patterns, showing one single degradation step between 200
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and 450 ◦C. In addition, there is no mass loss until 130 ◦C, which denotes the absence of
water content in samples [43–48]. However, DTG curves indicates that there is a small
difference between the decomposition point of modified and commercial sealer (359 ◦C and
368 ◦C), while the residual mass of the modified sealer is slightly higher (59.99% toward
57.80%), indicating a good stability upon addition of CNTs/CHX/AgNPs mixture. The
small peak at 293 ◦C in the DTG curve indicates the thermal decomposition of AgNPs [43].
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Figure 7. TGA and DTG thermograms of the modified and commercial sealers.

3.6. SEM Investigation of Interfacial Adaptation to Root Canal Dentine

It can be observed that there is a very good adaptation of both the commercial and
modified sealers to the root canal walls, and no gaps were noticed across the investigated
sections (Figure 8a,c). Moreover, based on the EDX spectrum recorded at the interface, it
can be noticed that there is diffusion of chlorhexidine molecules from the sealer into the
dentinal tissue, as evidenced by the presence of significant amount of chloride in the EDX
spectrum (Figure 8b,d). We assume that AgNPs were also diffused across the interfacial
area, but due to the instrument limitation, Ag was not visible in the quantitative spectrum.
In addition, a more intense C peak was identified on the root canal dentine in contact
with the modified sealer, suggesting the penetration of the modified resin component into
dentine [44,49,50].
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AgNPs < CNT/AgNPs < CHX 2% < CHX 2%/AgNPs < CNTs/AgNPs/CHX 2%. With re-
spect to S. aureus and C. albicans, the effect was only moderate by comparison, however 
the same order being noticed. In addition, it can be observed that, if the active antimicro-
bial agent (AgNPs or CHX) was combined with CNTs, the effect was significantly en-
hanced, especially for the combination CNTs /CHX 2% against E. faecalis and C. albicans. 

Figure 8. SEM images (a,c) of interfacial adaptation between sealer and root canal dentine (polished
specimens) along with the corresponding EDX spectra (b,d): (a) neat sealer; (c) CNTs/CHX/AgNPs
modified sealer. The transversal section was performed in the middle zone of the root.

The SEM details (back scatter mode) of the neat and modified sealer recorded at the
interface are presented in Figure 9, emphasizing the details of inorganic compounds (white
particles) and homogenous distribution within the resin matrix. Overall, it can be noticed
that there is a similar microstructure of the modified sealer compared to the original one,
suggesting that the addition of CNTs/CHX/AgNPs did not disturb the local distribution
of the components, as there is no agglomeration of the calcium phosphate or radio opacifier
particles related to the material.
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3.7. Antimicrobial and Antifungal Effect of the Modified Sealer

In order to evaluate the antimicrobial effect of different combinations CNTs/AgNPs/
CHX 2%, CNTs/CXH 2%, CNTs/AgNPs and their individual components, the prepared so-
lutions were tested against S. aureus, E. faecalis and C. albicans, in concentration of 1 mg/mL.
The results expressed as CFU/mL (Log10) are presented in Figure 10. The antimicrobial
and antifungal assay clearly demonstrated the best efficiency of CNTs/AgNPs/CHX 2%
mixture against E. faecalis. However, the efficiency of different combinations with respect
to E. faecalis were noticed to follow the order: CNT + H2O < AgNPs < CNT/AgNPs < CHX
2% < CHX 2%/AgNPs < CNTs/AgNPs/CHX 2%. With respect to S. aureus and C. albicans,
the effect was only moderate by comparison, however the same order being noticed. In
addition, it can be observed that, if the active antimicrobial agent (AgNPs or CHX) was
combined with CNTs, the effect was significantly enhanced, especially for the combination
CNTs /CHX 2% against E. faecalis and C. albicans.
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Figure 10. Antimicrobial and antifungal effect of different combinations and the mixture
CNTs/AgNPs/CHX2% against the tested strains. Data are expressed as average value ± stan-
dard deviation of triplicate samples (statistical significance * p < 0.05).

The agar-diffusion test applied for the commercial and modified sealer, 7 days after
setting, revealed that the commercial sealer had no antimicrobial and antifungal effect. The
measurement of the diameter of the inhibition zone was performed for the modified sealer
with respect to each strain and presented in Figure 11, compared to the positive controls. In
accordance with the previous assay, the maximum efficiency was noticed against E. faecalis
followed by S. aureus and C. albicans.
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Figure 11. Diameter of inhibition zone in agar-diffusion assay with modified sealer and control drugs.
Data are expressed as average value ± standard deviation of triplicate samples (* p < 0.05).

As compared to the controls, which are well known antibiotics and antifungal drugs,
the results are considered very promising. For example, in the case of E. faecalis ATCC®

29212, a concentration of 100 µg/mL gentamicin was found to effectively inhibit the
bacterial growth, which is about six times higher than MIC reported for most of the isolated
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Enterococcus species [24,51]. In this case, no significant difference was noticed between the
control and modified sealer (p < 0.05).

4. Discussions

The antibacterial ability of sealers is still insufficient and hence, continuous improve-
ments are required, as the full impact of nanotechnology in endodontics is far from being
fully understood. The incorporation of CNTs in epoxy-based matrix and the effective
reinforcement is dependent on the aspect ratio, dispersion, alignment and interfacial stress
transfer at the CNT-matrix interface [2]. It is generally considered that well-dispersed,
randomly aligned CNTs are a preferred alternative for reinforcement, as aligned nanocom-
posites, in contrast to CNTs, possess anisotropic mechanical and electrical properties [52].
In addition to the reinforcement purpose, encouraging results have shown the ability of
CNTs to be used as delivery systems for genes, peptides, oligonucleotides, cytotoxic drug
molecules and antimicrobial agents [52–54]. Especially, the antimicrobial activity against
Gram-positive and Gram-negative microorganisms, was evidenced due to the penetration
of the sharp and narrow structure of CNTs through the cell’s membrane, concomitant with
the drug release, compromising wall integrity and finally, death via cell lysis.

CHX is a well-known non-specific matrix metalloproteinase (MMPs) inhibitor, having
a dose-dependent inhibition mechanism, based on the interaction with the sulfhydryl
groups and cysteine site of MMPs [55,56]. Some previous studies attempted to incorporate
CHX into etchant materials or into primers or adhesive components because it has been
suggested that CHX effect is only available immediately after application of the modified
materials [56]. AgNPs have been also incorporated into bonding agents or restorative
materials in endodontics, attempting to reduce E. faecalis adherence to dentine, to eliminate
biofilms, or as endodontic irrigants and intracanal drugs [8,31,57].

Gram-positive bacteria such as S. aureus and E. faecalis have been detected in periapical
infections being responsible for endodontic failure [24]. Particularly, the incidence of E. fae-
calis was reported to be in the range from 24% to 77% in the cases of apical periodontitis [58],
being also reported to be resistant to several antimicrobial agents. It has a great ability to
invade the dentinal tubules, and, hence, to resist during the chemo-mechanical endodontic
procedures. On the other hand, the occurrence of C. albicans in infected root canals varies
between 1% and 17%, according to previous studies [59], being also resistant to conven-
tional root canal irrigants. In this respect, the continuous improvement of endodontic
sealers with high antimicrobial activity requires new developments with the aim to prevent
or to decrease the bacterial growth within the root canal, while contributing to the repair of
dentinal tissue. The currently available commercial endodontic sealers, possess different
physico-chemical properties in terms of sealing ability, adhesiveness, solubility to oral
fluids and dimensional stability [49]. As mentioned in literature, based on in vitro studies,
different categories of sealers (such as resin, zinc oxide eugenol, calcium hydroxide, glass
ionomer, silicon or silicate- based sealers) demonstrated good antimicrobial activity as
freshly prepared, but the antimicrobial activity was lost as the material set [59–62]. Actually,
no bacterial growth inhibition was noticed for 2–7 days set samples, as evidenced in a
systematic review conducted by Al Shawaimi et al. [60]. However, the in vitro studies have
some limitations due to the lack of standardization in terms of inoculum density, culture
medium selection, agar viscosity, condition of plate storage, or diffusion–solubility relation
of the material and culture medium.

Our original approach, in the context of new generation sealers expecting to have a
long-lasting antimicrobial effect, was to demonstrate that the antimicrobial effect of the
mixture CNTs/AgNPs/CXH 2% incorporated in commercial sealer, was preserved long
enough to efficiently inhibit Gram-positive germs, with excellent results towards E. faecalis
in a concentration of 1 mg/mL. It is considered that epoxy resin-based root canal sealer
possesses a certain degree of antibacterial properties attributed to bisphenol diglycidyl
ether and formaldehyde released during the polymerization reaction [63]. Our results
suggest that the modified sealer is able to release the antimicrobial agents long enough
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after setting and aging (7 days), which is an obvious improvement compared to the neat
sealer.

The structural properties of the modified sealer, evidenced by FTIR spectroscopy,
suggests that no chemical reaction between the original epoxy resin and the blended
components (CNT, AgNPs and CHX) was established during the preparation. Hence, the
sealer acts as a “reservoir” for the active ingredients. According to the literature, CNTs
interact with organic and charged molecules via π-π* and electrostatic interactions, while
the small diameter of CNTs restricts the adsorption of larger organic molecules. Instead,
most of the organic molecules can easily penetrate into the spaces between the tube bundles
or at the external surface [2], being released in contact with dentine. The electrochemical
profile of colloidal AgNPs, CHX 2% and the mixture CNTs/AgNPs/CHX 2% suggest that
electrons transfer involving Ag+ and CHX molecules might be responsible for the synergic
antimicrobial effect.

A good dispersion of CNTs/CHX/AgNP in the epoxy matrix was demonstrated by
SEM investigation and a slight reinforcement was noticed compared to the commercial
sealer, as evidenced by nanoindentation measurements, which is in agreement with pre-
vious reported data [45]. The addition of CNTs/CHX/AgNPs did not disturb the local
distribution of the inorganic components, as no agglomeration of the calcium phosphate or
radio opacifier particles was noticed.

In terms of thermal behavior, both modified and commercial sealers have almost the
same degradation patterns, while only a small difference in residual mass was noticed.
Overall, a good stability of the modified sealer can be noticed. The corroborated results
clearly demonstrated that the modifications induced by addition of CNTs/AgNPs/CHX 2%
mixture did not impair the structural, ultrastructural and thermal behavior of the original
sealer.

Moreover, a similar, very good adaptation, without gaps, of both commercial and
modified sealer to the root canal walls was evidenced by SEM. The EDX spectrum recorded
at the interface, demonstrated the diffusion of chlorhexidine molecules from the sealer into
the dentinal tissue. It is well known that chemical or mechanical dentin pretreatments (for
example sandblasting procedure) are usually made in order to increase the roughness of
the treated surface, which influences the adhesion properties and the contact area between
the dentinal tissue and the sealer [64]. In our work, we did not apply any mechanical
pretreatment, except the routine procedure of endodontic cleaning.

The antibacterial and antifungal assay clearly demonstrated a synergic effect of AgNPs,
CHX 2% and CNTs with excellent results towards E. faecalis, which is responsible for the
primary etiologic factors in pulp and periapical lesions [7].

5. Conclusions

In this work, we report the improved antibacterial effect of a modified endodon-
tic sealer, upon addition of CNTs incorporating CHX 2% and AgNPs. The structural,
ultrastructural and thermal properties of the modified sealer were not affected by this
modification, while demonstrating a perfect interfacial adaptation with the root canal den-
tine. As successful root canal therapy involves a combination of proper instrumentation,
irrigation, obturation, and sealing, we suggest that our results are supportive of the near
future potential of nanoparticles in clinical endodontics.
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Abstract: Since cadmium is a toxic metal that can cause serious health problems for humans, it is
necessary to find bioremediation solutions to reduce its harmful effects. The main goal of our work
was to develop a functional food based on elemental selenium nanoparticles (SeNPs) obtained by
green synthesis using Lactobacillus casei and to validate their ability to annihilate the hepatic toxic
effects induced by cadmium. The characterization of SeNPs was assessed by UV–Vis spectroscopy,
FTIR, XRD, DLS and TEM. In order to investigate the dose-dependent protective effects of SeNPs
on Cd liver toxicity, mice were assigned to eight experimental groups and fed by gavage, with
5 mg/kg b.w. cadmium, respectively, with co-administration with SeNPs or lacto-SeNPs (LSeNPs)
in 3 doses (0.1, 0.2 and 0.4 mg/kg b.w.) for 30 days. The protective effect was demonstrated by the
restoration of blood hepatic markers (AST, ALT, GGT and total bilirubin) and antioxidant enzymes,
such as catalase (CAT) and glutathione peroxidase (GPx). Moreover, the antioxidant capacity of
mice plasma by the FRAP assay, revealed the highest antioxidant capacity for the 0.2 mg/kg LSeNPs
group. Histopathological analysis demonstrated the morphological alteration in the group that
received only cadmium and was restored after the administration of SeNPs or LSeNPs, while the
immunohistochemical analysis of the bcl family revealed anti-apoptotic effects; the Q-PCR analysis
showed an upregulation of hepatic inflammatory markers for the group exposed to Cd and a
decreased value for the groups receiving oral SeNPs/ LSeNPs in a dose-dependent manner. The best
protective effects were obtained for LSeNPs. A functional food that includes both probiotic bacteria
and elemental SeNPs could be successfully used to annihilate Cd-induced liver toxicity, and to
improve both nutritional values and health benefits.

Keywords: selenium nanoparticles; Lactobacillus casei; cadmium; antioxidant enzymes; liver; histol-
ogy; anti-apoptotic; anti-inflammatory
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1. Introduction

Heavy metals are widely found in our environment and have adverse health effects
on the human metabolism. Acute heavy metal intoxications may damage central nervous
function, the cardiovascular and gastrointestinal systems, the liver and kidney [1,2].

Cadmium is an environmental toxicant that presents higher rates of soil-to-plant
compared with other heavy metals, making foodstuffs the major source of cadmium
exposure for non-smoking consumers [3,4]. EFSA’s Panel on Contaminants in the Food
Chain established for cadmium a tolerable weekly intake of 2.5 µg/kg b.w., a level that
ensures a high level of protection for consumers [5]. The greatest dietary impact of cadmium
occurs when certain foods are consumed in high quantities, such as grains or grain products
(26.9%), vegetables (16.0%) and starchy roots and tubers (potatoes and potato products)
(13.2%) [4].

Conventional treatment against heavy metals toxicity is based on chelation therapy
using different chemical chelators that can have several adverse effects, such as kidney
overload, cardiac arrest, mineral deficiency and anemia [6]. In recent years, interesting can-
didates for the treatment of heavy metal intoxications, including nanoparticles, probiotics,
vitamins (C, E), folate, and essential amino acids have been used [7–9].

It has been widely accepted that a functional food provides both nutritional values and
health benefits. Even though the concept and “functional food” term were first mentioned
in Japan, in 1984 [10], it has since undergone some additional European statements: “Food
products can only be considered functional if together with the basic nutritional impact
it has beneficial effects on one or more functions of the human organism thus either
improving the general and physical conditions or/and decreasing the risk of the evolution
of diseases” [11]. Therefore, it can be accepted that functional food science emerged as a
fusion between food science, nutrition, medicine, and pharmaceutics.

Selenium (Se) is a contradictory mineral, because at high levels it can become toxic
for the organism, while its deficiency also produces several health problems [12]. At the
same time, Se is an essential nutrient in human life as it is involved in major biochemical
reactions in the body and also in the structure of many enzymes or selenoproteins that play
important roles in antioxidant pathways, the endocrine and immune system, reproduction,
muscle function, and tumor prevention [12,13].

Selenium is classified as a metalloid and elementally as Se, and it has different al-
lotropic forms including rhombohedral, three deep-red monoclinic forms (α-, β-, and γ-Se),
trigonal gray Se, amorphous red Se, and black vitreous Se [12]. Meat, seafood and cereals
are the most important food sources of Se.

Se exists in different oxidation states including selenate (Se+6), selenite (Se+4), selenides
(Se−2) and elemental selenium (Se0) [14]. In food products, Se occurs in combination with
proteins: the main Se species includes organic Se such as Se-methyl-selenocysteine, γ-
glutamyl-Se-methyl-selenocysteine and selenomethionine. Selenocysteine dominates in
the products of animal origin. The main sources of Se are foods enriched in proteins, such
as meat and dairy products, fish seafood, milk, and nuts. A low level of Se is found in
fruits and vegetables [15].

However, the biological and toxicological effects of Se strongly depend on its chemical
form, since it was accepted that its organic form is more favorable in terms of bioavail-
ability [16]. The World Health Organization has established a value of 70 µg/day for
the maximum daily intake, considering that doses above 400 µg/day may exert toxic
actions [13].

On the other hand, by comparison with organic or inorganic selenium compounds,
selenium nanoparticles (SeNPs) display better bioavailability, higher biological activity and
lower toxicity, as demonstrated by several studies [17–19]. In addition to its antioxidant effect,
its use in chemopreventive agents and anticancer drugs is also well documented [20,21],
along with evidence of its antimicrobial and antifungal properties [22,23]. SeNPs can be
synthesized by chemical [24], physical [25] or biological method, also known as green
synthesis [26].
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The biogenic synthesis of SeNPs as a green, eco-friendly approach, has attracted
attention in recent years due to its low cost and simplicity, demonstrating the accumulation
and biotransformation of selenium into both organic (seleno-aminoacid) and elemental
forms (Se0) by lactic bacteria [27]. Different lactic bacteria strains are able to produce SeNPs
with a different size, ranging from 50–100 nm (Streptococcus thermofilus) and 100–200 nm
(Lactobacillus sp.) to 400–500 nm (Bifidobacter sp.) [27]. Moreover, nanosized selenium in
the range of 100–500 nm may help in the bio-fortification of crops (Brassica species), with
a higher nutritional impact and health benefits, since it was demonstrated that selenium
uptake by plants from the soil is strongly related to its selenium forms: elemental selenium,
selenite and selenate, in association with other elements or in organic forms [28].

As the microbial transformations of selenium species with relevance to heavy metal
bioremediation has been already documented [29], in this study we obtained, characterized
and validated the SeNPs obtained by green synthesis using Lactobacillus casei. Moreover,
we proposed investigating for the first time the protective effect of SeNPs and lacto-SeNPs
(LSeNPs) administered orally to mice for 30 days in different concentrations (0.1, 0.2 and 0.4
mg/kg b.w.), against the toxic effects exerted by cadmium at the hepatic level. Blood bio-
chemical parameters (transaminases, bilirubin, gamma glutamyl transferase), antioxidant
enzymes (catalase and glutathione peroxidase), the antioxidant capacity of plasma along
with the histology, immunohistochemistry for mitochondrial apoptosis markers (bcl-2, bax)
and gene expression of hepatic inflammatory markers (NF-kB, TNFα, IL-6) were analyzed
in terms of the comparative evaluation of the dose-dependent protective activity of SeNPs
and LSeNPs against cadmium intoxication.

2. Materials and Methods
2.1. Biosynthesis and Characterization of SeNPs

Lactobacillus casei (Lyofast LC4P1, Sacco, Cadorago, Italy) was selected for SeNPs
synthesis via a reduction route using sodium hydrogen selenite (NaHSeO3) as a reducing
agent, according to a protocol described by Eszenyi et al. [27]. In this study, two products
were obtained: purified nanoselenium (SeNPs) and lacto-nanoselenium (LSeNPs).

MRS culture medium was inoculated with L. casei and sodium hydrogen selenite at a
concentration of 200 mg/L in order to promote SeNPs synthesis. Instead, in order to obtain
LSeNPs, the culture medium was replaced with skimmed milk. The reaction was allowed
to start in a fermentation bottle during 48 h at 37 ◦C until the characteristic red color of
the elemental nano-selenium was achieved. Then, the bacterial cells were removed from
the mixture by centrifugation at 6000 rpm, for 15 min, the supernatant was discarded and
the pellet was recovered in distilled water. As the mechanism of elemental Se formation is
mainly intracellular for lactic acid bacteria [27], the acid digestion was performed in order
to remove the bacterial cell wall. After washing, vacuum filtering and the freeze-drying
procedure, the collected precipitate was characterized by TEM (transmission electron
microscopy, TecnaiG2 F30 S-TWIN, FEI, Frankfurt, Germany), XRD (X-ray diffraction, Mini
Flex 600, Rigaku, Tokyo, Japan, operating at 40 kV, 15 mA, with CuK α monochromatic
radiation) and FT-IR spectroscopy (Fourier transform infrared spectroscopy, Spectrum
BXII spectrophotometer, Perkin Elmer equipped with MIRacle ATR accessory, at scanning
speed of 32 cm−1 and spectral width 2.0 cm−1, Buckinghamshire, UK). For DLS (dynamic
light scattering, ZEN 3690, Malvern Instruments, Malvern, Worcestershire, UK) and zeta
potential measurements, the SeNPs powders were resuspended in distillated water and
sonicated during 10 min before each measurement to prevent aggregation.

2.2. Animal and Experimental Design

Six- to eight-week-old CD1 female mice, weighing 26 ± 3 g, were used for the experi-
ments. The mice were housed in a controlled microclimate environment, with a dark–light
cycle of 12/12 h, and watering and feeding ad libitum. Mice were fed with an autoclavable
standard scientific diet for rodents (Safe D40 diet, SAFE Complete Care Competence, Ger-
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many), which is certified as free of toxic substances and balanced regarding the content of
amino acids, fatty acids, minerals, and vitamins.

All experimental procedures were approved by the Ethical Committee of the “Vasile
Goldis” Western University of Arad and certified by the National Sanitary Veterinary
and Food Safety Authority of Romania (005/02.27.2017). We chose females for the animal
model, considering the larger study this work is part of which seeks to evaluate multi-organ
effects, and knowing that cadmium is more retained in their body compared to males,
due to estrogenic effects [30].

The mice were divided into 8 experimental groups (n = 10), as follows: Group 1
(control group), where only the vehicle was administered by gavage (water); Group 2,
which received orally CdCl2 (Cd group) at a dose of 5 mg/kg b.w.; Group 3 (SeNPs 0.1
group), 4 (SeNPs 0.2 group) and 5 (SeNPs 0.4 group) which were given purified SeNPs in
3 different doses: 0.1, 0.2 and 0.4 mg/kg b.w., respectively, together with 5 mg/kg b.w. of
Cd for each group. Groups 6 (LSeNPs 0.1 group), 7 (LSeNPs 0.2 group) and 8 (LSeNPs
0.4 group) received LSeNPs at doses of 0.1, 0.2 and 0.4 mg/kg b.w., respectively, together
with 5 mg/kg b.w. of Cd for each group. The administration of SeNPs and LSeNPs was
performed one hour after the administration of Cd.

The three doses of SeNPs (0.1, 0.2, 0.4 mg/kg b.w.) and the route of administration
were selected according to the results in which protection was obtained against cadmium,
administered to mice at a dose of 5 mg/kg b.w. [31].

Thirty days after the first oral administration, the mice were euthanized under anes-
thesia with a mixture of ketamine and xylazine. Blood and liver tissues were collected for
further analysis.

2.3. Blood Biochemical Parameters

Blood samples were collected by cardiac puncture. The samples were centrifuged
at 3500 rpm for 10 min. Samples were analyzed for aspartate aminotransferase (AST),
alanine aminotransferase (ALT), gamma-glutamyltransferase (GGT) and total bilirubin,
levels (ChemaDiagnostica, Monsano, Italy) with a Mindray BS-120 Chemistry Analyzer
(ShenzenMindray Bio-Medical Electronics Co., Ltd., Nanshan, Shenzhen, China).

2.4. Antioxidant Enzymes Assay

Antioxidant enzyme catalase (CAT) was determined from liver samples using a
commercially available Catalase Activity Colorimetric Assay kit (Canvax Biotech, S.L.,
Córdoba, Spain). The absorbance of samples was measured at 570 nm, using a Tecan
microplate reader. The results were expressed as nmol of H2O2 decomposed by catalase in
30 min reactions.

Glutathione peroxidase (GPx) was determined from liver samples using the glu-
tathione peroxidase activity kit (Enzo, Catalog No. ADI-900-158) and the rate of decrease
in the absorbance at 340 nm was directly proportional with glutathione peroxidase activity
in the samples. The GPx activity was expressed as Units/mL.

2.5. Antioxidant Capacity of Mice Plasma—FRAP Assay

The FRAP values of mice plasma were determined according to Benzie and Strain,
1996 [32], with some modification. All reagents were prepared and used the same day.
The working FRAP reagent was prepared by mixing in ratio 10:1:1 (v/v/v) of 300 mM
acetate buffer (pH 3.6), 10 mM TPTZ (2,4,6-tripyridyl-s-triazine) in 40 mM HCl and 20 mM
FeCl3·6H2O. Briefly, a 50 µL sample was mixed with 150 µL distilled water and 1.5 mL
working FRAP solution. After 30 min, the absorbance at 595 nm was measured against a
reagent blank at 37 ◦C using The PharmaSpec Shimadzu UV–Vis 1700 (Shimadzu, Kyoto,
Japan) spectrophotometer. The FRAP values were expressed as mmol FeSO4/L by using
different concentrations of aqueous solutions of FeSO4·7H2O (in the range of 50–1000 µM)
for a standard curve.
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2.6. Histopathology Analysis

Formalin-fixed samples of the liver were dehydrated with gradient solutions of
ethanol, embedded in paraffin and then sectioned at 5 µm. Slides were stained with
hematoxylin and eosin (H&E) for routine histological evaluation. Mounted sample slides
were examined under an Olympus BX43 light microscope (Tokyo, Japan) and the images
were captured using an XC30 CCD camera (Tokyo, Japan).

Histopathological changes were qualitatively described, and the alterations were
graded (n = 10), using a modified scale from our previous studies [33]:

Grade 1: normal aspect of the hepatocytes and sinusoids; Grade 2: regularly/irregularly
shaped hepatocytes with slightly dilated blood capillaries or blood congestion; Grade 3:
vacuolated hepatocytes, mild dilatation of sinusoids and blood congestion, inflammatory
infiltrates; Grade 4: <5% necrosis, lysis or strong inflammatory changes, large dilata-
tions of sinusoids, increased macrophage number; Grade 5: >5% necrosis, lysis or strong
inflammatory reactions.

2.7. Immunohistochemical Analysis

Immunohistochemistry analysis was performed on paraffin embedded 5 µm-thick
liver sections. Liver sections were deparaffinized in Dewax (Biosystems, Nussloch, Ger-
many) and rehydrated prior to epitope retrieval in Novocastra sol. (Leica Biosystems,
Nussloch, Germany). Following the neutralization of endogenous peroxidase (3% H2O2),
the sections were incubated at 4 ◦C overnight with anti bax and bcl-2 antibodies (1:100).
Detection was then performed using a polymer detection system (cat. no. RE7280 K;
Novolink Max Polymer Detection system) and 3,3’diaminobenzidine (DAB) as a chro-
mogenic substrate. Nuclei were stained with hematoxylin, dehydrated in a gradient of
alcohol, and mounted onto slides. The slides were examined and images were captured as
described previously.

2.8. RT-PCR Analysis

Tissue samples collected for the analysis of the expression of NF-kB p65,TNF-α, IL-6
gene involved in the inflammatory process were stored in an RNA Shield solution at a
temperature of −80 ◦C until processing. The total RNA was extracted using an SV Total
RNA Isolation System extraction kit, purchased from Promega, according to the manufac-
turer’s recommendations. The quantitative and qualitative of purified RNA evaluation was
assessed spectrophotometrically, using the NanoDrop 8000 spectrophotometer produced
by Thermo Scientific, Waltham, MA, USA. The conversion of the total RNA to comple-
mentary DNA was performed using 2 micrograms of total RNA and the First Strand
cDNA Synthesis Kit conversion kit. To determine the quantitative expression, we used a
LuminarisHiGreenqPCT Master Mix kit (Thermo Scientific, Waltham, MA, USA), low ROX,
each sample being determined in triplicate. The PCR system used was Applied Biosystems
7500 Real Time PCR System (Foster City, CA, USA). Primers used were included in Table 1.
The results obtained were interpreted using the 2∆∆CT method, proposed by Livak in
2001 [34].

Table 1. Primer sequences for RT-PCR.

Target Sense Antisense

NF-kB 65 5′CTTGGCAACAGCACAGACC3′ 5′GAGAAGTCCATGTCCGCAAT3′

TNF-α 5′CTGTAGCCCACGTCGTAGC3′ 5′TTGAGATCCATGCCGTTG3′

IL-6 5′AAAGAGTTGTGCAATGGCAATTCT3′ 5′AAGTGCATCATCGTTGTTCATACA3′

GAPDH 5′CGACTTCAACAGCAACTCCCACTCTTCC3′ 5′TGGGTGGTCCAGGGTTTCTTACTCCTT3′
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2.9. Statistical Analysis

Data were statistically processed using GraphPad Prism 3.03 software (GraphPad Soft-
ware, Inc., La Jolla, CA, USA), and one-way analysis of variance, followed by a Bonferroni
test. p < 0.05 was considered to indicate a statistically significant difference.

The data expressed as mean ± standard deviation (SD) and statistically significant
differences (* p < 0.05 and # p < 0.05) were determined compared with control (group 1)
and the cadmium group (group 2), respectively.

3. Results and Discussion
3.1. Physico–Chemical Characterization of SeNPs

The morphology of SeNPS was evidenced by TEM as presented in Figure 1, showing
homogenous and spherical shape particles, with a diameter of a maximum 80 nm, as con-
firmed by DLS. Zeta potential measurement indicated −22 mV with a polydispersity index
less than 0.2, indicating a good stability.

Figure 1. (a) TEM micrograph of SeNPs synthesized using L. casei and NaHSeO3 as a reducing agent;
(b) energy dispersive X-ray analysis; and (c) particles size distribution confirmed by DLS.

A preliminary confirmation of SeNPs formation was achieved by plasmon resonance
in UV–Vis spectroscopy, observing the maximum adsorption at 270 nm (Figure 2a). This
result is in agreement with some previous papers [35,36]. The SeNPs’ production using
different lactic acid bacteria show unique structured nanospheres with regular and uniform
size, comparative with chemical synthesis [27,37,38]. To date, different microorganisms
(Lactobacillus sp. Bifidobacter sp. Streptococcus thermophilus) are able to reduce inorganic
selenium (selenite and selenite oxoanions) into SeNPs in different size, ranging from 50
to 500 nm [24]. The conversion of selenite to SeNPs by microorganism involves different
mechanisms, where the reductase enzymes play an important role [29]. The biosynthesis
of SeNPs by microorganisms is a cheaper and faster process, where high purity selenium
spheres should be produced. Furthermore, the probiotic bacteria and SeNPs are safe for
clinical administration and human consumption [24].

In order to determine the functional groups that exist on the surface of SeNPs, FTIR
vibrational features were obtained and presented in Figure 2b. The main vibrational bands
in the high wavenumber region are 3300 cm−1, 2920 cm−1 and 2850 cm−1 corresponding
to the stretching vibration of OH groups, aliphatic C–H and carboxylic acid O–H groups,
respectively. In the low wavenumber region, 1720 cm−1 is assigned to carbonyl C=O
stretch, 1658 cm−1 to amide I vibration, 1540 cm−1 to amide II and 1230 cm−1 to amide III
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vibrations. The most intense vibrational band at 1040 cm−1 represents the characteristic of
the Se–O bond stretching, according to previously reported data in the literature [36,39].
These results indicated the presence of both proteins and carbohydrates on the surface
of nanoparticles, deriving from the cell membrane, which may improve the long-term
stability and protection of the core-particle. The XRD pattern of the Se nanoparticles
(Figure 2c) shows a broad peak at about 2θ = 22◦ suggesting the amorphous structure
of SeNPs, in agreement with previous data [24,35,36], which demonstrated that stable
amorphous forms (or even low crystallinity) are advantageous for biological applications,
as they exhibit better solubility and subsequent adsorption and bioavailability.

Figure 2. Physico–chemical characterization of SeNPs by UV–Vis spectroscopy (a); FTIR spectroscopy
(b); and XRD pattern (c).

The bioconversion of the inorganic Se+4 into elemental selenium form by Lactobacilus
casei was performed in this study to decrease its toxicity and to provide highly bioavailable
forms, which can be further used in functional foods. There are some studies which provide
data regarding the conversion of inorganic to organic selenium, such as on cabbage and
yeast which have been applied for the industrial production of selenium–methionine from
inorganic selenium [40]. Moreover, a previous study demonstrated that some anaerobic or
semi-anaerobic bacteria can convert the Se+4 into elemental selenium ranging between 100
and 500 nm [27,41]. The biological activity of SeNPs depends on their size, meaning that the
smaller particles have a higher activity. The SeNPs is selenium in the zero-oxidation state
that presents a lower toxicity and very good bioavailability compared to other oxidation
states (Se+4, Se+6) [42].

3.2. Effect of SeNPs on Blood Biochemical Parameters

The results of biochemical parameters are shown in Table 2. Blood alanine transami-
nase (ALT) and aspartate transaminase (AST) activity increased after Cd administration in
mice (group 2) by 37.92 and 33.40%, respectively. The treatment with SeNPs or LSeNPs
significantly decreased the activity of these enzymes compared to group 2, but not for
group 3, where the lowest dose of SeNPs (0.1 mg/kg b.w.) was used. The GGT activity
was significantly decreased only for group 3. The total bilirubin level was not affected by
the treatment of both forms of SeNPs.
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Plasma transaminases are known to be important indicators for assessing the health
of liver tissue. Cd leads to an increase in blood transaminase enzymes by transferring them
to the blood and destroying membrane permeability due to lipid oxidation [43,44].

As expected, elevated levels of hepatic enzymes (AST and ALT) were recorded after Cd
administration compared to the control, which is in line with other similar studies [45–47].
Co-administration of Cd and both the form of SeNPs showed that liver markers decreased
significantly in a dose-dependent manner compared to the metal-group and highlights the
protective effect of both forms of SeNPs against the toxic injuries induced by the metal.
The best effects were obtained with LSeNPs.

3.3. Effect of SeNPs on Antioxidant Enzyme Assay

Cadmium is absorbed from the gastrointestinal tract and is mainly accumulated in
liver and kidney where it is bounded to metallothionein (MT) and provides de novo protec-
tion against Cd. When it exceeds the binding capability of MT due to a higher exposure to
metal, the non-bounded Cd ions cause hepato- and nephrotoxicity [46]. Moreover, the fact
that cadmium stimulates free radical production, resulting in oxidative changes of lipids,
proteins and DNA, may in turn suppress hepatic and renal functions and initiate different
pathologies [47].

Catalase and glutathione peroxidase are included in the enzymatic antioxidant defense
system that protects cells against reactive oxygen species toxicity and lipid peroxidation.
Catalase cleaves hydrogen peroxide into water and oxygen [48]. In the case of Cd intoxica-
tion, the activity of this enzyme is decreased [43]. Moreover, glutathione peroxidase (GPx)
catalyzes the reduction of hydrogen peroxide (or a variety of organic hydroperoxides) with
reduced gluthatione to form gluthathione disulfide (GSSG). The low GPx activity is one of
the consequences of oxidative stress [49].

Our results showed that Cd alone induced a significant reduction in catalase activity
(Figure 3A) compared to the control. After the combination of Cd and SeNPs (groups 3–5),
an improvement in catalase activity was recorded compared with cadmium group in a
dose-dependent manner. Instead, using LSeNPs at a high dose (4 mg/kg b.w.) results a
significantly increased in catalase activity comparative with both the control and cadmium
groups. This result demonstrates the beneficial effect of SeNPs in combination with
probiotics against Cd toxicity. On the other hand, the treatment with Cd (group 2) showed a
significant decrease in GPx activity (p < 0.001) compared with the control group (Figure 3B).
The treatments using a combination of Cd and SeNPs or LSeNPs at different concentrations
also gave a significant decrease in enzyme activity.

Figure 3. Effects of cadmium and selenium on catalase (A) and GPx (B) after 30 days of treatment.
All values were expressed as the mean ± SD for 10 mice in each group. SeNPs+Cd and LSeNPs+Cd
at different concentrations vs. control group: * p < 0.05; *** p < 0.001. SeNPs+Cd and LSeNPs+Cd
at a different concentration vs. the cadmium group: # p < 0.05; ## p < 0.01; ### p < 0.001. Groups:
1—control; 2—CdCl2; 3—CdCl2 + 0.1 mg/kg SeNPs; 4—CdCl2 + 0.2 mg/kg SeNPs; 5—CdCl2 +
0.4 mg/kg SeNPs; 6—CdCl2 + 0.1 mg/kg LSeNPs; 7—CdCl2 + 0.2 mg/kg LSeNPs; 8—CdCl2 +
0.4 mg/kg LSeNPs.
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The significant decrease in the antioxidant enzymes after exposure to Cd was similar
to that of El-Boshy et al. [48] in rats for catalase and GPx, while the sodium selenite-treated
group showed significantly increased CAT and GPx activities. The combination of sodium
selenite with cadmium enhanced the antioxidant activities of CAT and GPx and ameliorated
the cadmium-induced liver damage by improving hepatic markers [48].

The effects of cadmium and sodium selenite on antioxidant enzymes in the liver,
kidneys and testes of rats were investigated by Dzobo et al., 2013 [50]. Their results showed
that in the liver, Cd treatment resulted in decreased catalase activity, while the Se treatment
resulted in increased catalase activity. Instead, the co-treatment of Cd and Se resulted in an
increase in GPx.

The major damage caused by toxic metals is due to the production of free radicals,
which induce oxidative stress in cells, and cause damages. Oxidative stress is produced
when the balance between the antioxidant system and ROS is in favor of free radicals [43].

The antioxidant capacity of selenium could be attributed to its presence in GPx or
thioredoxin reductase [42,51]. The protective effect of selenium against cadmium-induced
tissue damage could be attributed to its antioxidant activity through the enhancement of
antioxidant enzymes from tissues.

To our knowledge, this study was one of the first which demonstrated the hepatopro-
tective activity of elemental selenium in the form of nanoparticles against toxicity induced
by cadmium due to enhanced antioxidant enzyme activities. Several mechanisms may
be involved in the protection of selenium. One hypothesis is to change the absorption of
cadmium and its distribution in the body and target organs. Another hypothesis takes
into account that selenium (in inorganic or organic form), is well known for its ability to
eliminate ROS and improve the antioxidant system damaged caused by Cd [48].

3.4. Antioxidant Capacity of Mice Plasma

FRAP values are shown in Figure 4. The treatments with Cd and combined Cd+SeNPs
did not significantly differ between groups vs. control group. The highest FRAP value was
recorded for group 7 that received combination LSeNPs and Cd. This result highlights
the synergistic effect between SeNPs and probiotic bacteria regarding the protective effect
against Cd toxicity.

Figure 4. FRAP values of blood mice after 30 days treatments. All values were expressed as mean ±
SD for 10 mice in each group. * p < 0.05 is statistically significant difference of sample vs. control
group. Groups: 1—control; 2—CdCl2; 3—CdCl2 + 0.1 mg/kg SeNPs; 4—CdCl2 + 0.2 mg/kg SeNPs;
5—CdCl2 + 0.4 mg/kg SeNPs; 6—CdCl2 + 0.1 mg/kg LSeNPs; 7—CdCl2 + 0.2 mg/kg LSeNPs;
8—CdCl2 + 0.4 mg/kg LSeNPs.

In one study [52], red elemental SeNPs (within a size range of 80–220 nm) were
biosynthesized using the marine strain of Bacillus sp. and in vitro investigated in terms of
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antioxidant activity by DPPH and the reduction power assay. SeNPs revealed moderate
antioxidant activity compared to SeO2 and BHT due to the fact that elemental selenium is
insoluble.

SeNPs have high antioxidant activity compared with other chemical forms of Se.
Wang et al. [42] showed the antioxidant activity of SeNPs that demonstrated lower toxicity
compared with selenomethionine.

3.5. Histopathology Analysis

The liver is an important organ for metabolism, detoxification, storage, and the
excretion of xenobiotics or metabolites, which is vulnerable to injury. As the liver is an
important target of cadmium [53], we assessed the structural changes by microscopic
analysis.

Light microscopic examination showed a normal structure of the liver (Figure 5,
Group 1) in the controls. Exposure to Cd induced degenerative changes in the liver,
mainly consisting of focal hepatocyte necrosis and lysis, pycnotic nuclei with condensed
chromatin, as well as sinusoidal congestion and parenchyma infiltration by mononuclear
cells (Figure 5, Group 2). The co-administration of SeNPs practically prevented the changes
in the liver structure in a dose-dependent manner. The best protection was obtained
with LSeNPs, where we noticed the presence of rare inflammatory cells in the sinusoids
(Figure 5, Groups 6–8). Moreover, histomorphometric evaluation demonstrated that the
dose of 0.2 mg/kg and 0.4 mg/kg induced significantly fewer liver structural changes
compared to the liver intoxicated with cadmium alone (p < 0.001; Figure 6).

Figure 5. The histopathological sections of mice livers of the experimental groups, H&E barr 20 µm.
Various degrees of histopathological changes were observed in Cd exposure groups, mainly including
focal hepatocyte necrosis/lysis (*) and degeneration. The co-administration of SeNPs with Cd reduced
the metal toxic histological changes in the liver in a dose-dependent manner, which was more obvious
for LSeNPs. CV-centrilobular vein. Groups: 1—control; 2—CdCl2; 3—CdCl2 + 0.1 mg/kg SeNPs;
4—CdCl2 + 0.2 mg/kg SeNPs; 5—CdCl2 + 0.4 mg/kg SeNPs; 6—CdCl2 + 0.1 mg/kg LSeNPs;
7—CdCl2 + 0.2 mg/kg LSeNPs; 8—CdCl2 + 0.4 mg/kg LSeNPs.
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Figure 6. Semi-quantitative assessment of the severity of liver damage ranked from 1 (control status)
to 5 (liver damage) induced by cadmium under the protection of SeNPs and LSeNPs. Groups:
1—control; 2—CdCl2; 3—CdCl2 + 0.1 mg/kg SeNPs; 4—CdCl2 + 0.2 mg/kg SeNPs; 5—CdCl2 +
0.4 mg/kg SeNPs; 6—CdCl2 + 0.1 mg/kg LSeNPs; 7—CdCl2 + 0.2 mg/kg LSeNPs; 8—CdCl2 +
0.4 mg/kg LSeNPs. ** p < 0.01; *** p < 0.001 compared to control group (group 1); # p < 0.05;
## p < 0.01; ### p < 0.001 compared to Cd group (group2).

Regarding the antagonistic effect of SeNPs and LSeNPs, our results suggest that Se
in both forms was able to reduce the hepatotoxicity of cadmium in a dose-dependent
manner (Figures 5 and 6). The present study demonstrated that co-treatment with SeNPs
ameliorated the histopathological damage induced by Cd in the tissues of liver by reducing
the toxicity comparative to control group [54].

3.6. The SeNPs Prevent Apoptosis in Liver Parenchyma Induced by Cadmium

Exposure to Cd causes the activation of multiple death signals in parallel, includ-
ing the activation of apoptosis-related mitochondrial signaling and DNA damage re-
sponse [55]. Therefore, the members of the bcl-2 protein family known to regulate the
release of apoptosis-activating factors by changing ratio of bcl-2 to bax which determines
cell survival or cell death [56], are valuable tools to assess the hepatic protective effects of
SeNPs and LSeNPs against the pro-apoptotic activity of Cd.

The immunohistochemical analysis of the pro-apoptotic bax and anti-apoptotic bcl-2
markers revealed a marked expression of bax for the liver (Figure 7) exposed to Cd and a
dose-dependent decrease in the groups receiving oral SeNPs and LSeNPs. The reduction in
bax expression is more significant for LSeNPs. In contrast, the immunopositivity for bcl-2
was significantly reduced in the livers of the Cd group and restored for SeNPs groups in
dose-dependent manner, especially for LSeNPs.
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Figure 7. Hepatic immunohistochemical expression of bcl-2 (A) and bax (B) in: 1—control; 2—CdCl2;
3—CdCl2 + 0.1 mg/kg SeNPs; 4—CdCl2 + 0.2 mg/kg SeNPs; 5—CdCl2 + 0.4 mg/kg SeNPs; 6—CdCl2
+ 0.1 mg/kg LSeNPs; 7—CdCl2 + 0.2 mg/kg LSeNPs; 8—CdCl2 + 0.4 mg/kg LSeNPs.

3.7. The SeNPs Prevent Inflammation in Liver Parenchyma Induced by Cadmium

To investigate the anti-inflammatory ability of SeNPs and LSeNPs, we measured
the mRNA expression for the NF-kB, a key transcriptional regulator of the inflammatory
response [57], and the major upregulated proinflammatory cytokines in the liver.

The level of gene expression of liver TNF-α, IL-6, NF-kB p65 was significantly in-
creased compared to the control in the group in which Cd was administered (Figure 8),
as previously described [58,59]. The co-administration of Cd with SeNPs or LSeNPs re-
sulted in decreased gene expression, which was directly correlated with the concentration
of both SeNPs forms.

Figure 8. Hepatic TNF-α, IL-6, NF-kB p65 gene expressions. *** p < 0.001, ** p < 0.01 compared to control, ### p < 0.001
compared to Cd group. Groups: 1—control; 2—CdCl2; 3—CdCl2 + 0.1 mg/kg SeNPs; 4—CdCl2 + 0.2 mg/kg SeNPs; 5—CdCl2
+ 0.4 mg/kg SeNPs; 6—CdCl2 + 0.1 mg/kg LSeNPs; 7—CdCl2 + 0.2 mg/kg LSeNPs; 8—CdCl2 + 0.4 mg/kg LSeNPs.

4. Conclusions

This study proposed a new functional food based on SeNPs obtained by green synthe-
sis using Lactobacillus casei, and investigated for the first time its ability to annihilate hepatic
toxicity induced by cadmium, as a solution for liver injury bioremediation. Two forms of el-
emental SeNPs, purified SeNPs and lactic acid bacteria (L. casei) together with endogenous
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SeNPs (called LSeNPs), were tested in Cd-induced liver toxicity to mice. Co-administration
of Cd and both forms of SeNPs showed that the blood transaminases decreased signifi-
cantly in a dose-dependent manner. In addition, LSeNPs at the highest dose (0.4 mg/kg
b.w.) significantly increased the catalase activity comparative to the control and cadmium
group. The histopathological damage induced by Cd in the mouse liver was ameliorated
upon the co-treatment with both forms of SeNPs. Immunohistochemical analysis revealed
a reduction in pro-apoptotic bax and an increase in anti-apoptotic bcl-2 expression, espe-
cially for LSeNPs. Additionally, the co-administration of Cd with both forms of SeNPs
significantly decreased the gene expression of liver inflammatory markers, with the best
effects for LSeNPs. Overall, the best hepatoprotective effects were obtained for LSeNPs.
A follow-up study will highlight the gender differences in the hepatoprotective effects of
SeNPs on Cd-induced liver toxicity to mice, knowing that males are more susceptible to
cadmium-induced hepatotoxicity than females [60,61].

A functional food that includes both probiotic bacteria and elemental SeNPs could be
successfully used to annihilate Cd-induced liver toxicity, and to improve both nutritional
values and health benefits. In this way, a possible new technology is provided for the food
industry, the production of yogurt enriched with selenium nanoparticles produced by lactic
acid bacteria with protective effects against heavy metals.
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Abstract: The efficiency of amniotic membrane (AM) transplantation in different types of ocular sur-
face disorders is due to its outstanding properties such as antifibrotic, antibacterial, anti-inflammatory
and antiangiogenic, working as a versatile scaffold to promote corneal tissue epithelialization.
A proper preparation, preservation and clinical application are crucial for the best outcomes in the
treatment of different severe ocular disorders, taking into account its fragility. In this context, by com-
bining high-sensitivity tools such as atomic force microscopy (AFM) and Fourier transform infrared
(FTIR) spectroscopy with histological and immunohistochemical examination, we aimed to investi-
gate the ultrastructural modifications of the amniotic membrane (AM) upon UV exposure and/or
antibiotic treatment, with relevance for clinical applications in ocular surface surgery. From the
morphological point of view, we noticed a loss of cuboidal cells in the basal membrane, accompanied
by the splitting of collagen fibers upon UV and/or gentamicin treatment, while structural alteration
of proteins was evidenced by the FTIR quantitative analysis of the secondary structure. A decrease
in α-helix and β-sheet content, accompanied by increased content in less ordered structures (turns,
random and side chains), was noticed after all the treatments. At the nano-scale, AFM details showed
modifications of collagen fibrils in terms of their thickness and network compaction upon gentamicin
and/or UV treatment. The enzymatic digestion assay demonstrated that UV exposure significantly
reduces the degradation rate of the AM, while gentamicin treatment promotes an accelerated enzy-
matic digestion upon UV exposure. In order to highlight the clinical impact of the research, a clinical
case is presented showing the relevance of amniotic membrane transplantation in pterygium surgery.

Keywords: amniotic membrane; FTIR spectroscopy; immunohistochemistry; AFM; UV light; antibi-
otic; pterygium surgery

1. Introduction

The structural and ultrastructural characteristics of the amniotic membrane (AM)
along with its biological properties recommend this natural biomaterial as a support matrix
for tissue regeneration, including corneal and conjunctiva surface reconstruction. It is
not a substitute, but rather a substrate upon which the epithelial cells can easily grow,
differentiate and migrate, helping tissue to regenerate [1]. The placental amniochorionic
membrane comprises the inner layer, which is in direct contact with amniotic fluid (amniotic
membrane), and the outer layer (chorion), which separates the amnion from the uterus,
maternal blood and maternal side of the decidua (Figure 1).
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Figure 1. Schematic representation of the layered structure of the amniotic membrane (AM).

The amniotic membrane itself is a thin, transparent, tough, avascular architecture,
consisting of three layers: (i) an epithelial monolayer; (ii) a basement membrane; and (iii)
an avascular stroma. Histological details reveal that the epithelium consists of metabol-
ically active cuboidal cells, uniformly arranged on the basement membrane [2,3], and is
comprised mostly of collagen (type III, IV, V), fibronectin and laminin. The stroma itself is
also a layered structure: (i) a compact layer—which is the main fibrous skeleton of the AM,
consisting of collagen (types I, III, V, VI) and fibronectin; (ii) a fibroblast layer, composed
of fibroblast cells, collagen (types I, III, IV), fibronectin, laminin and nidogen; and (iii) a
spongy layer containing mainly collagen (types I, III, IV) and proteoglycans [2]. Due to
its layered structure, the AM can be easily separated from the chorion by means of blunt
dissection. Not only the layered structure but also the biological properties of the AM
provide suitable features for potential tissue engineering applications: anti-inflammatory,
antimicrobial, antiviral and antifibrotic properties and the low immunogenicity of HAM
(Human Amniotic Membrane) demonstrate a favorable environment for cellular attach-
ment and expansion through an in vivo or in vitro approach [4–8]. Both the epithelial and
mesenchymal amniotic cells are pluripotent stem cell reservoirs, while the matrix of the
AM is very rich in growth factors such as keratinocyte growth factors (KGFs), fibroblast
growth factors (FGFs), transforming growth factor beta (TGFβ), nidogen growth factors
(NGFs) and epidermal-derived growth factor (EDGF) [7].

In recent decades, a special attention was paid to applications of the AM in ophthalmic
surgery, taking into account the similarities between the AM and the conjunctiva and cornea
in terms of its collagen composition and other proteins such as fibronectin and laminin.
Various ophthalmic disorders, such as corneal ulcer, corneal perforation, chemical burns,
pterygium, infectious or vernal keratitis and bullous keratopathy, have been successfully
treated and the clinical results are well documented [6–10]. Currently available commercial
AM products are either cryopreserved (−80 ◦C) as fresh membranes or dried, γ-sterilized,
denuded membranes [11]. However, the native intact AM has been found to contain
higher levels of growth factors compared to the denuded AM [11,12]. The denuded AM
is often used as a culture substrate for limbal epithelial cells using both allogeneic and
autologous explants [13]. For this purpose, crosslinking of the AM is necessary, and hence
different crosslinking strategies have been used in order to increase the thermal and
mechanical stability of the AM for the culture of epithelial cells, including glutaraldehyde,
carbodiimide and UV radiation crosslinking [14]. In particular, with respect to the UV
crosslinking procedure, it was demonstrated that the biostability of collagenous tissue
strongly depends on the number of crosslinked structures, which are closely related to the
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UV exposure time [10]. Optimal crosslinking of collagen is essential for collagen binding to
its receptors. The matrix permeability is drastically affected by the number of crosslinks
per unit mass of the photo-crosslinked AM [15].

Although, with available modern preservation techniques, the membranes are now
able to be stored for several months, allowing for scheduled surgical intervention, there is
currently a debate over whether the cellular fresh, cryopreserved or dried, denuded form
of the AM is considered a better substrate for promotion of epithelization in ocular surface
reconstruction. While cryopreserved AMs retain the native architecture of the extracellular
matrix and maintain the key biological signals, the dehydrated ones seem to be susceptible
to damage in the basal lamina as a result of cell removal [11–16]. Therefore, AMs’ proper
preparation, preservation and clinical application are crucial for the best outcomes in the
treatment of different severe ocular disorders.

Individual post-surgery regimes using topical antibiotics in the form of eye drops are
usually prescribed for adjunctive therapy, in order to prevent bacterial keratitis. Commer-
cially available topical antibiotics for this purpose include fluoroquinolones, gentamicin,
ciprofloxacin and clarithromycin [17], but some of these may also affect the structural
properties of the AM in terms of the hydration recovery of proteins, which has often
been interpreted as the main cause of collagen maturation and aging [18]. Post-surgery
exposure to UV may also influence the success of ocular surface surgery, knowing the UV
influence on the structural and mechanical properties of collagen fibrils [16]. Many stud-
ies have been devoted to successful outcomes of either fresh or dehydrated membranes,
performed in vivo or in vitro, but there is a lack of information related to the post-surgical
conditions and potential detrimental effects of antibiotics as well as UV exposure. Hence,
one of the goals of our study was to investigate to what extent the antibiotic concentra-
tion will influence the structural properties of amniotic membranes prepared for corneal
reconstruction.

In the context of the above-mentioned debate, the overall aim of our work was
to investigate the ultrastructural modifications of the AM upon UV exposure and/or
antibiotic treatment by combining the histological/immunohistochemical examination
with high-sensitivity atomic force microscopy (AFM) measurements and Fourier transform
infrared (FTIR) spectroscopy. Moreover, an in vitro enzymatic assay (collagenase digestion)
was performed, along with a clinical case presentation (pterygium) requiring corneal
surgery and resurfacing with HA showing the most important outcome and advantages of
this technique.

2. Materials and Methods
2.1. Procurement and Preparation of Biological Tissue

The research protocol was performed in agreement with the ethical standards of the
Helsinki Declaration and approved by the Ethical Committee of the University of Oradea,
Romania (ref. nr. 06/15.10.2020). The biological tissue was obtained under strict aseptic
conditions, from a patient who had undergone cesarian section at full term, with informed
consent. Under a laminar flow hood, the membrane was washed with sterile physiological
saline to remove blood clots, separated from the chorion by blunt dissection and peeled.
Then, the AM was cut into small-size (5 cm × 5 cm) specimens by using a sterile scalpel;
each piece was again washed three times with sterile distilled water and flattened on
individual Petri dishes, to which 5 mL PBS (Phosphate Buffer Saline) was added and stored
at −20 ◦C until further treatments and preparation for histological examination, FTIR and
AFM measurements.

2.2. Antibiotic and UV Treatment

The AM specimens were divided into 4 groups and the following treatments
were applied:

i. Antibiotic treatment: Specimens were allowed to interact with the gentamicin in-
jectable solution (KRKA, Novo Mesto, Slovenia) concentrations of 40 and 80 mg/mL,
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for 1 h, and then they were washed with PBS, rinsed with sterile distilled water,
flattened on a cellulose support and stored in a refrigerator until FTIR and AFM
investigations. The samples were labeled AG40 and AG80, respectively, according to
each concentration.

ii. UV treatment: Specimens were exposed to UV in air using a GL4 germicidal lamp
(Philips TUV 6W G6) at no more than 254 nm, for 1 h, and then kept in a refrigerator
until further investigations. The samples were labeled AUV.

iii. Combined antibiotic/UV treatment: Immediately after gentamicin treatment (concen-
tration 40 mg/mL), specimens were exposed to the UV treatment described above
and then kept in a refrigerator until further investigations. The samples were la-
beled AGUV.

iv. The control sample was the natural amniotic membrane without any treatment,
labeled AMN.

The above treatments were carried out in triplicate.

2.3. Histological and Immunohistochemical Examination

For the histological and immunohistochemical examination, the specimens were fixed
in 4% formaldehyde immediately after the antibiotic or/and UV treatment. The immuno-
histochemical analysis was performed on 4 µm-thick sections prepared from a formalin-
fixed paraffin-embedded block by using an Autostainer Link 48 (Agilent Technologies,
Santa Clara, CA, USA). Immunohistochemical assays were used on paraffinized slides to
perform target retrieval. The slides were developed using a DAB (3,3′-diaminobenzidine)
detection kit and counterstained with hematoxylin. The sections were incubated with anti-
Collagen IV (clone CIV 22), mouse monoclonal antibody (Agilent Technologies, Santa Clara,
CA, USA). For each case, positive control slides were used, prepared from appendix tissue
against a glandular basement membrane. Negative control was performed by omitting the
primary antibody.

2.4. FTIR Spectroscopy

For the FTIR measurements, the specimens were left to dry overnight in a refrigerator,
at 4 ◦C. A Shimadzu FT 8400 S (Shimadzu Co., Kyoto, Japan) FTIR spectrophotometer
was used, equipped with an MIRacle ATR accessory (ZnSe crystal), operating in the range
400–4000 cm−1, with the following spectral acquisition parameters: wavelength resolution
2.00 cm−1, Happe–Genzel apodization function, 10 scans/spectrum. Data processing was
performed using Origin 8 software with a Gaussian–Lorentzian function applied for fitting
parameters. The amide I spectral band was baseline-corrected, and the area was normalized
and deconvoluted in the interval 1600–1700 cm−1. The percentage of protein secondary
structures (α-helix, β-sheets, turns, unordered and side chains) was calculated based on the
area under each peak, and the assignments of the components were conducted according
to the literature [19–21]. Results were represented as mean ± standard deviation (SD) for
three independent experiments. A probability level of p < 0.05 was considered statistically
significant, and the analysis was conducted by Student’s t-test.

2.5. AFM Measurement

Atomic force microscopy (Agilent 5500 AFM, Agilent Technologies, Santa Clara, CA,
USA) was applied to obtain the ultrastructural details of the amniotic membrane, air-dried,
after different treatments. The thickness of individual collagen fibrils was measured by
recording their profile. The specimens were fixed on glass plates with a double-sided
tape. The scanning was performed at room temperature and a normal humidity level
(50%), in acoustic mode (taping mode), in which the AFM tip was oscillating slightly
below its resonance frequency of 317.14 kHz and scanned the selected area with a speed of
5.361 m−6/s at a resolution of 512 × 512 data points, in contact mode, in which the AFM
tip maintained a close contact with the surface of the sample while scanning the selected
area with a speed of 2.160 m−6/s at a resolution of 512 × 512 data points.
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2.6. Enzymatic (Collagenase) Degradation Assay

The AM specimens prepared according to Sections 2.1 and 2.2 were allowed to dry,
and then they were weighted (balance model FA-G Want Balance Instr. Changzhou, China),
immersed individually in a 0.1% collagenase solution (Sigma–Aldrich. St. Louis, MO,
USA) with pH = 7 and incubated at 37 ◦C (incubator Model MCO-5 AC, Sanyo/Panasonic
Biomedical, York, UK) in static conditions, under a flux of 5% CO2. After different time
intervals (12, 24, 36, 48, 60 and 72 h), the specimens were carefully removed and allowed to
dry completely and weighted again. The weight of the remaining mass was expressed as a
percentage (mean value ± SD) and the statistical significance was measured by an ANOVA
test. A p-value of less than 0.05 was considered significant.

2.7. Clinical Case

A case of recurrent pterygium is presented, in which the AM (fresh, preserved at
−20 ◦C) was successfully applied in order to reconstruct the corneal surface, after the
surgical removal of the damaged tissue. The patient (30 years old, male, living in a rural
area) was previously informed about the surgical procedure and he gave his informed
consent for inclusion in the study, in accordance with the Declaration of Helsinki and the
research protocol approved by the Ethical Committee of the University of Oradea, Romania
(ref. nr. 06/15.10.2020). Before surgery, a complete ophthalmologic examination including
measurement of intraocular pressure, visual acuity and biomicroscopy was performed.

2.8. Statistics

Results were expressed as mean ± standard deviation for three independent experi-
ments, using Student’s t-test in the case of FTIR measurements, while one way analysis
of variance (ANOVA) was employed for the enzymatic digestion assay. In both cases,
significance was accepted with p < 0.05.

3. Results
3.1. Histological Examination

The details of H&E staining reveal a uniform layer of cubic cells displayed on a
basement membrane of the AMN sample (Figure 2a), while the expression of collagen IV
in the basement membrane is continuous and dense (Figure 2b). After exposure to UV
light, a moderate loss of cubic cells can be seen in several spots (Figure 2c), with a dense
and continuous expression of collagen IV; a splitting of about 8 µm in collagen fibers was
detected in a single spot (Figure 2d). The cuboidal cells slightly changed their size and shape
after the treatment. The loss of cubic cells can be noticed also after gentamicin treatment
(Figure 2e), accompanied by a splitting of about 3 µm in collagen fibers, over a relatively
long distance (Figure 2f). By applying a double gentamicin concentration, the basement
membrane maintained its integrity, but the loss of cubic cells can be noticed in a higher
number of foci (Figure 2g), while the splitting of the collagen fibers is more significant,
the distance between the two expressions being variable, from 8 to 20 µm (Figure 2h).
The UV exposure of gentamicin-treated specimens showed extensive loss of cubic cells
(Figure 2i), concomitantly with a significant splitting of collagen fibers (about 70 µm) over
a long length, as shown by the expression of collagen IV (Figure 2j).

3.2. FTIR Spectroscopy

The FTIR spectra recorded in the range 400–4000 cm−1 are presented in Figure 3 for
AM specimens belonging to each treatment group, while in Figure 4, the FTIR spectrum of
pure gentamicin is presented.
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Figure 2. Cont.
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Figure 2. Histological and immunohistochemical examination: (a,b) natural amniotic membrane (AMN); (c,d) amniotic
membrane exposed to UV for 1 h (AUV); (e,f) amniotic membrane treated with gentamicin (40 mg/mL) (AG40); (g,h) amni-
otic membrane treated with gentamicin 80 mg/mL (AG0); (i,j) amniotic membrane treated with gentamicin 40 mg/mL
and exposed to UV for 1 h (AGUV). Left panel: H&E staining; right panel: immunohistochemistry staining of collagen IV
(antibody clone CIV 22). Scale: 100 µm.

In the low-wavenumber region, the absorption band around 1659 cm−1 corresponds to
the amide I protein absorption band, being assigned to the C=O stretching mode, while the
absorption band around 1550 cm−1 corresponds to amide II absorption attributed to the
N–H bending mode and C–N stretching mode. Amide III protein absorption is located
between 1240 and 1300 cm−1, as a result of the in-phase combination of C–N stretching and
N–H in-plane bending, and also the contribution from C–C stretching and C=O bending
vibrations. The band close to 1450 cm−1 is probably associated with C–H bending modes
and the amide A band (NH stretching) observed in the high-wavenumber region, between
3190 and 3300 cm−1, suggesting a low water content in the sample [21–23]. The peaks
at 1399 and 630 cm−1 are attributable to the carboxylate ion and the C=O planar defor-
mation. The band at 1100 cm−1 is attributed to the phosphodiester group of nucleic
acids and glyco- and phospho-lipids, while the shoulder at 1030 cm−1 represents the
fingerprint of gentamicin [17], as emphasized in Figure 4. In the higher-wavenumber
region, the interval 3190–3300 cm−1 is assigned to O–H and C–H bending vibrations,
while the band at 2950 cm−1 can be assigned to the asymmetric stretching mode of the
CH3 group. The O–H stretching region can be correlated to the hydrogen bond network
around the protein, assuming that a certain hydration level still exists after the drying
procedure [19,24]. However, water deprivation and restitution might have some conse-
quences on the macromolecular structure. As a general behavior, after antibiotic and or/UV
treatment, the main fingerprints of proteins shifted towards higher wavenumbers (with
about 15 cm−1), concomitantly with changes in the relative intensity of the amide I, II and
III bands.

Computational processing of the FTIR spectra is required because FTIR spectroscopic
features contain thousands of singular spectra. For this reason, a fitting procedure was
applied in order to evaluate, from the quantitative point of view, the structural modi-
fications of the protein matrix, after UV and antibiotic treatment. The most important
structural changes can be evidenced through the computational analysis of the amide I
band, which is commonly used to evaluate different secondary structure elements, taking
into account that the amide I band is composed of superimposed absorption bands from
the α-helix (1659 cm−1), β-sheets (1628 cm−1), turns (1678 cm−1), unordered or random
coil contributions (1646 cm−1) and side chains (1613 cm−1) [21,23–26].
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Figure 3. FTIR spectra of AM specimens after treatment with antibiotic and/or UV: (a) natural AM
without any treatment (AMN); (b) AM exposed to UV for 1 h (AUV); (c) AM treated with gentamicin
(40 mg/mL) and exposed to UV for 1 h (AGUV); (d) AM treated with gentamicin 40 mg/mL (AG40);
(e) AM treated with gentamicin 80 mg/mL (AG80).

Figure 4. FTIR spectrum of gentamicin.

The fitting procedure assumed a Gaussian shape for the amide I band envelope
and individual contributions. Each component of the secondary structure corresponds
to different C=O stretching frequencies, resulting in different band positions. The sum
of the areas under each peak represents the total amount of secondary structures in the
protein. The computational fitting of the amide I vibrational band of the natural amniotic
membrane and after antibiotic treatment is presented in Figure 5a–e, while the quantitative
assessment of each secondary structure is presented as a diagram in Figure 6.
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Figure 5. Computational fitting of the amide I FTIR spectroscopy absorption band after different treatments: (a) natural
membrane (AMN), (b) 1 h exposure to UV (AUV), (c) gentamicin treatment (40 mg/mL) with 1 h exposure to UV (AGUV),
(d) gentamicin treatment 40 mg/mL (AG40) and (e) gentamicin treatment 80 mg/mL (AG80).

Figure 6. Quantitative analysis (percent) of the collagen secondary structure in the amniotic membrane after different
treatments: natural membrane (AMN), 1 h exposure to UV (AUV), gentamicin treatment (40 mg/mL) and 1 h exposure to
UV (AGUV), gentamicin treatment 40 mg/mL. * p < 0.05 was considered significant.
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3.3. Nanotopography: AFM Examination

The 3D and 2D topographic features of the amniotic membrane after different treat-
ments are presented in Figure 7, also indicating the details of a single collagen fibril exposed
on the surface (W = width; H = height).

Figure 7. Cont.
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Figure 7. AFM examination of the amniotic membrane after different treatments (3D and 2D images) indicating the
features of a single collagen fibril: (a,b) natural membrane (no treatment) (AMN); (c,d) membrane exposed to UV (AUV);
(e,f) membrane exposed to gentamicin treatment 40 mg/mL (AG40); (g,h) membrane exposed to gentamicin treatment
80 mg/mL (AG80); (i,j) membrane exposed to gentamicin and UV treatment (AGUV). The profiles of a single collagen fibril
exposed on the surface of the amniotic membrane after different treatments are presented in the Supplementary Materials
(Figure S1).

As presented in Figure 7, the structural collagen fibrils comprising the AM membrane
are fully exposed at the surface and randomly arranged in a 3D network. According to
Figure 7a,c, the thickness of a single collagen fibril in the natural AM, untreated (AMN),
is about 80 nm in width and 22 nm in height. Upon different treatments, the surface
roughness was modified, and a more compact structure was noticed, accompanied by
changes in the fiber thickness. The most significant change can be noticed for the AGUV
sample, reaching 180 nm in width and 29 nm in height. The sole UV treatment does not
show significant modifications in terms of fibril thickness. When gentamicin was applied,
an increase in the fibril width was noticed, with an insignificant influence of the gentamicin
concentration. Although the details of the D-bands of a single collagen fibril are not very
clear in our AFM images, we can notice that the D-periodicity of collagen fibrils is not
significantly altered by UV radiation or the gentamicin concentration. Further, the length
of collagen chains seems to be well preserved within the 3D network.

3.4. Collagenase Digestion Assay

Figure 8 presents the results of the collagenase digestion of the amniotic membrane
prior to any treatment and following the UV and/or gentamicin treatment monitored for
72 h. Within the first 12 h, a drastic degradation of AMN, AG40 and AG80 specimens
was noticed, compared to AUV and AGUV specimens, and this behavior had a similar,
continuous trend for the entire time interval. At each time point, insignificant modifica-
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tions were noticed between gentamicin-treated samples and untreated ones, no matter
the antibiotic concentration. After 72 h of digestion, less then 8% of AMN, AG40 and
AG80 remained undigested, while the UV-treated specimens (AUV and AGUV) showed
enzymatic resistance of 55% and 32%, respectively, in terms of the mass remaining. By com-
paring both UV-treated specimens, it can be noticed that gentamicin strongly influences the
degradation behavior, which is reflected by the mass remaining when comparing AUV and
AGUV percentages at each time point. The difference is more obvious in the time interval
36–72 h. However, for the last 12 h, a slower degradation of AUV and AGUV specimens
was noticed.

Figure 8. Collagenase digestion of the amniotic membrane after different treatments: natural mem-
brane (AMN), gentamicin treatment with 40 mg/mL (AG40), gentamicin treatment with 80 mg/mL
(AG80), 1 h exposure to UV (AUV) and 1 h exposure to UV after gentamicin treatment (AGUV).
* p < 0.05 was considered significant; N.S.—non-significant.

3.5. Clinical Case

Figure 9a–e presents a clinical situation in which the amniotic membrane was used in
ophthalmologic surgery, as a grafting biomaterial, to cover the remaining tissue defect due
to the pterygium excision (or its recurrence).

Figure 9. Cont.
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Figure 9. Amniotic membrane used in ophthalmologic surgery to cover the remaining tissue defect due to the grade 3
recurrent pterygium excision: (a) grade 3 recurrent pterygium, preoperative appearance; (b) intraoperative aspects (the same
patient); (c) intraoperative preparation of the amniotic membrane fragment to be applied on the remaining defect following
recurrent pterygium excision; (d) intraoperative appearance—application of the AM fragment on the remaining defect and
10.0 thread suturing to the bulbar conjunctiva of the fragment; (e) the aspect of the patient’s cornea four weeks after surgery
(from private collection of Claudia Florida Costea).

The standard protocol during pterygium surgery was applied, involving the peeling of
the abnormal corneal tissue, followed by blunt dissection of the pterygium head, with cau-
tion to not affect the corneal stromal tissue. The excision of adjacent residual pterygium
tissue was also performed, along with the fibrovascular tissue. The AM (preserved at
−20 ◦C) was cut to fit over the corneal defect, with the stromal side down, in order to
promote epithelial adhesion and rapid healing. Immediately after surgery, the eye was
patched and shielded. The post-surgical treatment consisted of gentamicin sulfate 3%,
dexamethasone and artificial tear instillations and a recommendation of total protection
against UV radiation exposure. The patient was examined each day in the first week,
and then once a week. After four weeks, complete healing of the corneal tissue was noticed.

4. Discussion

The clinical success of the AM in the reconstruction of ocular surfaces is related to its
composition, as the AM contains and releases a remarkable mixture of growth factors and
cytokines that facilitate the proliferation and differentiation of epithelial cells, concomitantly
with reducing the inflammatory response by inhibiting protease activity [27–29]. It has
been demonstrated that the AM could promote ocular surface tissue healing of persistent
epithelial defects (corneal ulcers, pterygium, bullous keratopathy, symblepharon and eye
burns), provides a substrate for cell growth, has antimicrobial effects and functions as a
biological bandage [3,29,30]. As described in the literature, there are three different surgical
techniques: graft or inlay, patch or overlay and combined multilayer techniques [31]. In the
graft or inlay technique, the AM is administered as a permanent basement membrane
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substitute, being integrated in the host tissue and acting as a scaffold for epithelial cells to
grow. This technique is usually applied to persistent epithelial defects, corneal ulceration
or conjunctival tumors, by suture. In the patch or overlay technique, the AM is placed
temporarily on the ocular surface, acting as biological bandage, but not being integrated
into the host. In this case, the epithelium is expected to grow underneath rather than
over the top, and the AM will disassociate from the ocular surface after a certain time [32].
Regardless the surgical technique employed, topical antibiotic application is required in
order to eliminate the risk of infectious keratitis. Eye drops are preferred in most cases of
multiple bacterial keratitis, consisting of cefalozin, vancomycin, tobramycin, gentamicin or
fluoroquinolones, which have been approved by the Food and Drug Administration for the
treatment of bacterial keratitis [33,34]. Fortified eye drops, as a recent trend in antimicrobial
therapy of bacterial keratitis, relate to formulations with a very high concentration, in order
to fight against increasingly resistant Gram-negative bacteria (S. aureus, P. aeruginosa),
which are known for their ability to destroy the corneal stroma [34,35]. In vitro and in vivo
experiments suggest that the antibiotic enters the cornea via direct diffusion rather than
through the precorneal tear film [36]. In some animal model experiments, crystalline
corneal epithelial deposits were noticed with fortified topical eye drop instillations, and a
possible delay of re-epithelialization was assumed [37].

Based on these previous results, the overall goal of our study was to investigate the
structural and morphological modifications of the collagen matrix in the AM, by the means
of histological observation, FTIR spectroscopy and AFM images, upon treatment with
gentamicin and exposure to UV-C radiation. In particular, we also aimed to investigate
to what extent the antibiotic concentration will influence the structural properties of the
amniotic membrane prepared for corneal reconstruction.

The native membrane (AMN) presents a typical epithelial cell layer, as a single,
continuous layer of cuboidal and columnar cells on a densely eosinophilic basement
membrane, as revealed in H&E staining (Figure 2a), which is in agreement with previously
reported data [2,3,9]. Moreover, the immunohistochemical staining revealed that the
basement membrane is very rich in collagen IV, showing a dense and continuous expression.
The loss of cubic cells was noticed after gentamicin treatment, regardless of the antibiotic
concentration, accompanied by the splitting of the collagen fibers while maintaining the
integrity of the basement membrane. When UV treatment was applied to the natural
membrane, morphological changes were noticed in terms of cell size and a tendency of
collagen fibers to split in double chains. Drastic changes in the morphology of the AM
were noticed when antibiotic treatment was followed by UV exposure for 1 h (specimen
AGUV). The loss of cuboidal cells was observed, to a large extent, on the length of the
basal membrane, while the splitting of collagen fibers was noticed over a very long length,
the distance between the two expressions being larger compared to UV treatment alone,
as evidenced by the immunohistochemical staining.

In order to obtain deeper details about the possible denaturation of collagen, we fur-
ther performed FTIR investigations and deconvolution of the amide I absorption band
and assessed structural changes in the molecules. Collagen is the principal structural com-
ponent of the AM, having a unique structure characterized by three polyproline II-like
helical chains, packed in a left-handed triple helix which is stabilized by glycine at every
third residue. The triple helices assemble to form fibrils, which are then aligned laterally to
form bundles and fibers. Under electron microscopy, the collagen molecules within the
fibrils present a D-band pattern with periodic gaps and grooves, of about 67 nm, which are
correlated to pathological conditions and the fibril mechanical strength [38,39]. As demon-
strated by previous research [15,37,38], the native collagen triple helix is most sensitive to
UV-254 nm radiation, reflected in changes in the primary and secondary structures and
changes in the conformation, microstructure and material properties.

All the treatments applied in our study indicate a decrease in α-helix and β-sheet
content, accompanied by increased content in less ordered structures, such as turns and ran-
dom and side chains, while the position of the main FTIR fingerprints was slightly shifted
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toward higher wavelengths. The results are consistent with previously reported data [40],
which evidenced the behavior of amide I band components in both native and denatured
forms of collagen due to UV treatment, suggesting a helix–coil transformation of collagen.
The triple-helical regions of collagen are known to be stabilized by hydrogen bonding and
van der Waals attractions between imine residues on different chains [15]. Both chemical
and UV crosslinking of collagen are associated with its denaturation due to the collapse of
hydrogen bonds in polypeptides. Glutaraldehyde, chitosan, poly(2-hydroxyethyl methacry-
late), riboflavin and carbodiimide were reported in the literature as efficient crosslinking
agents for the AM [25,41,42], showing different degrees of denaturation.

On the other hand, the crosslinking process enhances the biostability of the AM matri-
ces to support limbal epithelial cell growth and can significantly improve the mechanical
properties of the collagen matrix [41]. Therefore, although the crosslinking may cause
denaturation of the collagen matrix, in vitro experiments of cultures on modified AM sam-
ples demonstrated that epithelial progenitor cells were preserved more effectively and the
benefits of crosslinking prevail in terms of AM functionality [15]. Moreover, some previous
reports demonstrated that ex vivo expansion of limbal epithelial cells occurs at a faster rate
on the decellularized AM (with sodium dodecyl sulfate) compared with the fresh, natural
one [43]. However, according to some authors [24,42,44], a lower sheet/turn ratio after the
treatment indicates inferior biocompatibility when compared to the native AM. Based on
the quantitative results presented in Figure 6, the sheet/turn ratio has an average value of
2.27 for the AMN specimens, 1.83 for AUV, 1.88 for AG40, 1.70 for AG80 and 0.83 for AGUV
specimens. The lowest value (0.83) indicates the lowest biocompatibility, which was noticed
for AGUV specimens, the results being also supported by the histological observations.

Nanotopographic measurements on the surface of the native AM and after different
treatments revealed the details of collagen fibrils in a 3D network, which is influenced
by the antibiotic treatment and UV exposure. Stylianou et al. demonstrated that in the
nano-scale range, the collagen topography and biological properties are affected by UV
radiation, which may induce alterations in cell behavior [39]. By applying the AFM tech-
nique, they investigated the influence of UV irradiation time (1, 3 and 7 h corresponding
to energy doses of 1.1–13.2 J/cm2) on the collagen film nano-topography. The authors
demonstrated that for short irradiation times (10–60 min), the film morphology did not
present any significant alteration in terms of roughness, while the periodicity of the D-
band pattern was preserved. After longer irradiation times (3–7 h), the roughness was
gradually reduced, while after 11 h, the surface was dramatically altered, and the D-band
pattern was destroyed, demonstrating an irreversible denaturation process of the triple
helix. Based on these results, the authors concluded that UV irradiation can be used as a
process for manipulating and controlling the surface roughness of collagen-based materials.
In our work, we found modifications in terms of nano-morphology upon 1 h irradiation of
the natural AM, namely, a slight reduction in the single fibril thickness from 80 in width
and 22 in height to 75 in width and 15 nm in height, while a more compact structure
was achieved. An increase in fibril thickness was noticed upon gentamicin treatment,
depending on the concentration: 100 width/16 nm height for AG40, and 110 width/15 nm
height for AG80, the length of collagen chains being well preserved within the 3D net-
work. Notable changes were identified when UV exposure was applied immediately after
gentamicin treatment (AGUV), in terms of collagen chain fragmentation, accompanied
by increased thickness of collagen fibrils (180 width/29 nm height), although the D-band
pattern for short collagen fragments was not altered, which is in concordance with previ-
ously reported data [39,45,46]. However, we could not find in the literature any reference
related to the antibiotic influence on ultrastructural changes of the amniotic membrane,
except our previous work [18], in which we demonstrated that gentamicin treatment is
more favorable compared to ciprofloxacin, by assessing the denaturation process using
FTIR spectroscopy. In a recent study performed by Zhang et al. [41], the evaluation of
ultrastructural changes of amniotic membrane fragility was assessed after UVA/riboflavin
crosslinking. The authors showed that after crosslinking treatment, the AM underwent
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biomechanical and ultrastructural changes: the brittleness was increased, the hardness
was enhanced and the bamboo-like fiber morphology was changed. Another study was
performed in order to examine ultrastructural images of the surface morphology of the
air-dried and gamma-sterilized AM observed under AFM and to quantify possible changes
in epithelial cell size, intercellular gap size and surface roughness [46], but with no relation
to the collagen matrix. In this case, AFM results confirmed that both gamma radiation and
air drying caused a reduction in cell sizes (about 32.3% reduction in the average longest
diameter), but the changes did not affect the gross morphology of the membrane.

The collagenase digestion assay performed in our study demonstrated that UV ex-
posure significantly reduces the degradation rate of AM, including the prior gentamicin
treatment, while the gentamicin concentration has an insignificant influence on the disso-
lution time. It is well known that a fresh amnion usually dissolves within 1 week [42,47],
but the crosslinking procedures (by glutaraldehyde, carbodiimide, riboflavin, UV radiation)
significantly increase resistance to collagenase digestion, especially in the anterior half
of the cornea [14,25,41,42,47]. Photochemical crosslinking is a rapid and efficient process
with little toxicity, while chemical crosslinkers (e.g., riboflavin and glutaraldehyde) act
as a photomediator, creating free radicals in the presence of UV radiation, promoting the
formation of new chemical bonds bridging amino groups in collagen fibrils and subse-
quently increasing mechanical stiffness [48]. Our results suggest that gentamicin weakens
the UV crosslinking effect of the AM, as evidenced by an accelerated degradation of AGUV
compared to AUV specimens. These results might have a significant importance for in vivo
application of the AM as a substrate for the growth and development of endothelial cells.
According to Spoerl et al., the poor biological stability of the AM graft is a main cause of
failure and early detachment after surgical transplantation in corneal tissue [42,47].

In order to highlight the clinical impact of our research, a clinical case was presented
showing the relevance of pterygium surgery using the AM. Pterygium is a common benign
growth of the conjunctiva from the nasal side of the sclera. According to the literature [49],
the autograft surgery can be employed in these cases, but it is time-consuming and the recur-
rence rate is relatively high. As an alternative, the amniotic membrane is often used in order
to prevent pterygium recurrence, the effectiveness of this technique being demonstrated
especially for the removal of pterygium associated with severe conjunctival disease [50].
The success or failure of this procedure can be evaluated based on the purpose of surgery
and by several criteria: resolution of inflammation, relief of symptoms, restoration of the
corneal epithelium, recurrence. Recurrence was defined as the presence of fibrovascular
proliferative tissue crossing the limbus. The selected clinical case presented in Section 3.5
was a grade 3 recurrent pterygium in which the natural AM (preserved at −20 ◦C) was suc-
cessfully applied to cover the remaining defect following pterygium excision. In this case,
by using the standard protocol, the membrane displayed scaffold-like properties, providing
a healthy and intact basal membrane on which the patient’s cells were able to proliferate.
Further, measures were taken to prevent AM damage by UV exposure. A complete healing
was achieved in 4 weeks, with excellent integration and cosmetic appearance, as well
as perfect visual acuity, while gentamicin sulfate (3%) eye drop instillations every two
hours and total protection against UV exposure were prescribed. The choice of antibiotics
is an important step in surgical management of pterygium, either as a single drug or a
combination of fortified antibiotic therapy, in terms of efficacy in the endpoints of complete
re-epithelialization.

5. Conclusions

Based on histological examination and complementary AFM and FTIR spectroscopy,
we investigated the ultrastructural modification of the amniotic membrane upon gentam-
icin treatment and/or UV exposure, in the context of its suitability to be used as a graft in
corneal reconstruction. The morphological features evidenced by H&E and immunohisto-
chemical investigations were correlated with structural and ultrastructural modifications.
The loss of cuboidal cells in the basal membrane was accompanied by the splitting of colla-
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gen fibers, which was in concordance with the structural alteration of collagen molecules,
as evidenced by the FTIR quantitative analysis of the protein’s secondary structure. At the
nano-scale, AFM details showed modifications of collagen fibrils in terms of their thick-
ness and network compaction upon gentamicin and/or UV treatment. The collagenase
digestion assay demonstrated that UV exposure significantly reduces the degradation rate
of the AM, while gentamicin treatment promotes an accelerated enzymatic digestion of
the AM upon UV exposure. Within the limitations of our study, the results might have
importance in the context of the current debate over whether the AM should be used intact
(fresh, preserved at−20 ◦C) or photo-crosslinked as a grafting material, taking into account
the denaturation influenced by post-surgical antibiotic treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/1996-194
4/14/4/863/s1: Figure S1: The AFM profiles of single collagen fibril in amniotic membrane after
different treatments: (a) natural membrane (no treatment) (AMN); (b) membrane exposed to UV
(AUV); (c) membrane exposed to gentamicin treatment 40 mg/mL (AG40); (d) membrane exposed to
gentamicin treatment 80 mg/mL (AG80); (e) membrane exposed to gentamicin and UV treatment
(AGUV).
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