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Abstract: Recently, a subcategory of nanotechnology—nano-, and microcontainers—has developed
rapidly, with unexpected results. By nano- and microcontainers, we mean hollow spherical structures
whose shells can be organic or inorganic. These containers can be filled with substances released when
given an excitation, and fulfill their missions of corrosion healing, cancer therapy, cement healing,
antifouling, etc. This review summarizes the scattered innovative technology that has beneficial
effects on improving people’s lives.
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1. Introduction

The encapsulation of substances in a protective shell has recently become necessary
because of the enormous technological possibilities in medicine [1], materials [2], energy [3],
antifouling [4], antimicrobials [5], implants [6], the environment [7], etc. As a result, signifi-
cant progress has also been made in manufacturing containers [8]. The primary method
of their four-step production is firstly, the creation of the core; secondly, the coating of
the core with the active shell; thirdly, the removal of the core; and finally, encapsulation
with the active material. Reference is made here to production because containers can be
produced differently, which is not mentioned in this article, e.g., LDH [9,10]. The present
review covers the latest development in this technology via four-step production and gives
examples of its industrial application. In this paper, we talk about organic and inorganic
nanospheres in which each species is better suited to specific applications. CeMo (MBT or
8-HQ) nanospheres are inhibitors for applications in corrosion because they act simultane-
ously as a cathodic and anodic corrosion inhibitor. This property cannot be derived from
the organic nanospheres that are best suited for cancer-fighting applications where we need
artificially intelligent nanocontainers to diagnose and fight cancer. Intelligence cannot be
obtained by inorganic nanospheres that are better suited to nontherapeutic applications,
except for FeO nanospheres, to which hyperthermia can be applied to improve cancer treat-
ment. Here, we can use the EPR effect to enter cancer via hyperthermia to cause destruction.
The choice is made according to the problem we want to solve and the expected results. In
addjition, there are more applications of the nanocontainers not included in this publication,
such as storage of hydrogen, food storage, cosmetic storage, etc., which will be the subject
of another extensive review.

2. Materials and Methods
2.1. Inorganic Containers

In producing inorganic nanocontainers, we first produced a polystyrene core with
well-known conditions in the bibliography. The polystyrene core’s size determines the
nanocontainers’ final size. An earlier publication investigated the parameters affecting
the polystyrene core’s size [11]. Terminating the polystyrene core at a negative charge is
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essential to deposit the metal oxides’ salts on it [8]. Then, the sol-gel method deposited the
metal oxide coatings, e.g., Ce(acac)s. The third stage involved the removal of polystyrene
through combustion at 600 °C. Finally, we obtained a shell consisting of CeO; [8], CeMo [12],
Ti02 [13,14], CeOT102 [11], Fe203 [7], SiOzCaO [15], SiOzNaQO [6] and SiOszO5Na20 [6],
depending on the alkoxides we used. In the final phase, the nanocontainers entered a
vacuum chamber, where we received the maximum vacuum value. Then, we broke it
with the materials dissolved in alcohols entering the chamber from a funnel, corrosion
inhibitors, filling up the nanocontainers with the desired substance. In one case, paraffin
entered the SiO, to create phase-change materials [3]. There are cases where the core of
5i0; [16] nanocontainers consists of super absorbent polymers (SAP) suited for cement

“self-healing” [17,18].

2.2. Organic Containers

One uses organic nanocontainers to treat cancer and other diseases [19,20]. The core is
composed of PMMA, on which three walls are constructed: one is sensitive to temperature,
the second is sensitive to pH, and the third is sensitive to redox. The polymeric nanocon-
tainers are loaded with commercial drugs, such as doxorubicin. The containers are grafted
with targeting groups to get bonded to cancer. Furthermore, the nanocontainers are grafted
with gadolinium for MRI probes, iron oxide for hyperthermia, Fitch for locating them by
fluorescent spectroscopy, etc. The literature has named this system quadrupole stimuli-
responsive targeted nanocontainer or Nano4XX (XX = Dox, Daun, Cis, etc.) platforms. The
synthesis of such platforms was the subject of several publications in recent literature [1,19].
Figure 1 shows the Nano4XX (XX = Dox, Daun, Cis, etc.) platform and the molecules one
uses to produce them [21].
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Figure 1. Quadrupole stimuli-responsive targeted nanocontainers loaded with cancer therapeutic
drugs to treat cancer: the Nano4XX (Dox, Cis, etc.) platform.

3. Discussion
3.1. Corrosion

Protection against the corrosion of metals is performed by chemical methods de-
signed to replace chromium salts. Several ways have evolved into different metals that
offer entirely satisfactory protection. These coatings are, however, passive. They be-
come active when introduced into these nanocontainers filled with inhibitors. With
the stimulation caused by corrosion, the inhibitors are released, and thus interrupt the
corrosion. This phenomenon is called “self-healing” [22] and is observed in all metals
and nanocontainers. [11,13,23-28] Cerium molybdate hollow nanocontainers filled with
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2-mercaptobenzothiazole incorporated into epoxy coating deposited onto galvanized steel
samples show outstanding inhibition potential after a prolonged corrosion activity. The
anodic and cathodic currents determined by SVET showed values close to the noise levels
after 20 h of the exhibition to the salt solution until the end of the experiment in 50 h [22].
We attributed the corrosion activity to the organic inhibitor and inorganic inhibitor release
of cerium ions from the nanocontainers. Figure 2 shows the SVET measurements of the
sample to demonstrate the case.
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Figure 2. Evolution of the total anodic and cathodic current of the sample containing CeMo (MBT).

Today, the technology of nanocontainers is evolving “intelligence” onto them, contain-
ing valves sensitive to the pH change of the environment. With this innovation, we hope
for a better and more controlled performance of nanocontainers in stimuli due to corrosion.
In a recent paper, mesoporous silicon nanocontainers were prepared and filled with ben-
zotriazole (BTA) corrosion inhibitors. Nanocontainers contain nanovalves consisting of
cucurbit [6] uril (CB [6]) rings attached to the surface of the nanocontainers. They do not
undergo a corrosion inhibitor release when the pH is neutral. However, the release rate
increases with increasing pH values in an alkaline solution. These nanocontainers respond
to the pH, but how much better do they work compared to simple nanocontainers? Espe-
cially in commercial paints need to be studied better, but such a study is very innovative.
Figure 3 shows their function.

Figure 3. Nanovalves sensitive to pH incorporated onto the surface of silica nanocontainers.

A recent review explains in great detail the state of the art of this technology [2]. We
refer the reader to an update from this publication if they want to be informed more about
the recent development.
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3.2. Antifouling

When a metal surface encounters the marine environment, it is then quickly covered by
a biofilm of microorganisms and further evolves from invertebrate animals that eventually
corrode [29]. The result is that ships develop turbulences on their surface, increasing
cruising friction, resulting in decreased vessel efficiency, which at the exact same time
increases fuel requirements, and ultimately, increases air pollutants. One realizes that
this has enormous economic consequences [30]. To avoid this problem, one can use
antifouling coatings containing biocides and copper oxide. In this way, one stops the
adhesion of organisms to the surfaces for some time. Most biocides effectively target the
microorganisms created in the beginning: bacteria, algae, and barnacles. Biocides can be
developed by looking for natural compounds that act as antifouling agents [31-39]. The sea
has organisms that defend against biological pollution [40,41]. There are a large number of
metabolites at sea that have the potential to grow as antifouling agents.

One such compound is bromosphaerol, isolated in algae cultivated in the marine
area of Palaiokastritsas in Corfu. These algae were grown in greenhouse conditions to
give large quantities, of which bromosphaerol was chemically isolated. Bromospaerol was
encapsulated in copper oxide and zinc oxide nanocontainers to examine the biological
aspects of behavior within commercial antifouling paints [4,29]. For this purpose, we
used the antifouling bases of the paints of the Wilkens and Re-Turn companies, where we
incorporated a small number of CuO and ZnO nanocontainers filled with bromosphaerol.
We also used the bases of the two companies and the anticorrosion paints without impurities.
We added a small amount of CeMo (8-HQ) to the anticorrosion paint. Figure 4 shows the
paint configuration we obtained using basic commercial paints.

The paints were

with 8HQ Wilkens and Re-

Metal

Figure 4. Paint configuration for lab testing and used for real-ship paint testing.

Figure 5a,b show the FRA of the two paints, one (a) consisting of the primer, anticorro-
sion with CeMo (8HQ) layer, and antifouling paint with CuO (Bromosphaerol); and the
other (b) the Wilkens commercial paint. Both samples were exposed to the sea for three
months. The FRA curves for the samples were the same before exposure to the seawater.
On the contrary, the commercial paint’s FRA dropped drastically, while our nanocontainer
paint’s FRA performed much better.

Figure 6 shows the FRA of another two paints, one (a) doped with CuO (S.N.) + ZnO
(S5.N.) and the other (b) with CuO (S.N.). Rp, is about 10'% O before exposure of the samples
to seawater. However, R, improves for the samples immersed for three months in seawater.
This behavior is known as the “self-healing” phenomenon.

The technology is useful when confirmed in practice. However, it was not easy to
convince a paint-trading company to paint commercial ships before, firstly because it is
dangerous for new technology not to meet the five-year guarantee given by commercial
paints, and secondly, because the financial risk is significant if the new technology does
not succeed. However, this was made possible by two companies, one Wilkens and the
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other Re-Turn, which intervened, and they painted a section of two ships, one traveling
to the Adriatic sea and the other to different oceans, with speeds of 14 knots, for one year.
Figure 7 shows the sections of the ships painted. It was a pleasant surprise in both cases
to see the same results for the parts we painted with the technology of nanocontainers
filled with bromophenol. The ships traveled in different marine conditions for a year, and
the paints from our laboratory performed better than the commercial paints of the two
companies [4,29,42].

Nanotechnology improved commercial paints Current technelogy
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immersing the samples in seawater for three paints.

10
1=10 3 "-...|Z|=10”'

1

1x1084

| Z]

1 =108
1 x 1 04 1 - .'.'
metal
||
- - - - - - : + - - - -
1 10 100 100010,000 100,000 1 10 100 100010,000 100,000
Frequency IHz | F]_'equency |Hz |

Figure 6. FRA of the paints: (a) top layer consisting of CuO (S.N.) and the ZnO (S.N.) nanocontainers,
and (b) top layer consisting of CuO (S.N.) nanocontainers.

In a recent paper, Al;O3 and CuO nanoparticles were incorporated as a pigment using
linseed alkyd resin as a binder. The samples were immersed in seawater for 120 days,
and the properties were studied with modern spectroscopic techniques where a semantic
improvement was observed in the antifouling of steel plates using Al,O3 and CuO com-
pared to bare paint. The contact angle increased dramatically, suggesting that the paint



Eng 2022, 3

559

becomes more hydrophobic [43]. These new results confirm the impact of nanocontainers
on Wilkens and Re-Turn commercial paints [2,4,24,26,29].

Figure 7. The segments of the two ships painted by our nanotechnology.

A relatively recent publication produced a fluorine-free superhydrophobic coating
based on the TiO; rosin-inoculated nanoparticles. The results were excellent regarding
water repellency, which was attributed to the synergistic amplification between natural
adhesives and hydrophobic TiO, nanoparticles. In addition, the results have shown that
such coatings will have great potential to cope with some of the antifouling paints [44].

3.3. Antibacterial

Organic and inorganic spheres are the subject of intense scientific activity due to
their applications in biology, medicine, photocatalysis, etc. Heterogeneous polymerization
methods prepare organic spheres [45-47]. Empty containers are interesting for coatings
due to their lower density and optical properties. These can be coated with inorganic
shells to modify their properties [48-53]. Photocatalysis uses empty titanium spheres to
reduce Cr(VI) to Cr(III), working as an electron acceptor that finally precipitates as solid
waste [53]. It is known that TiO, appears in nature as brucite (orthorhombic), anatase
(quadratic), and rutile (quadratic). Of these three phases, anatase is the most active in
photocatalysis. Illumination of TiO, by light with an energy higher than 3.2 eV and 3.0 eV
for anatase and rutile induces electrons to jump from the valence zone to the conductivity
zone, respectively. This transition causes pairs of electrons (e™) and electrical holes (h*)
via photocatalysis. When an organic compound falls on the surface of the photocatalyst,
it will react with the produced O, and OH, transforming into carbon dioxide and water.
Thus, the photocatalyst decomposes organic matter in the air, including odor molecules,
bacteria, and viruses. The Escherichia coli (E. coli) bacterium has been used many times for
experimental purposes [54].

Hollow-nanosphere titania were used in one study, and their antibacterial activity
was evaluated in E. coli [55]. Figure 8 shows the survival curve of E. coli cells for various
conditions. First, the E. coli cell concentration was measured in the presence of TiO,. One
observed about a 20% reduction in E. coli cells after 79 min of incubation. Furthermore,
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E. coli cells were exposed to illumination for 70 min and reduced close to 20%. The E. coli
cell concentration went down to 0% quickly in the cases illuminated in TiOp. When the
light went out after 30 min, followed by an additional 40 min incubation in the dark, one
received the same number of viable cells at 70 min as the sample exposed to light for 70 min
continuously.
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Figure 8. E. Coli cell survival in the presence of TiO, nanocontainers for E. coli + TiO, E. coli + hv,
E. coli + TiO; + 30 min hv and E. coli + hv + TiO,.

The same experiments were conducted to investigate the antibacterial activity of
hollow nanocontainers of cerium molybdenum (CeMo). Again, the hollow nanocontainers
were exposed to E. coli culture. The study established parameters such as irradiation and
time on the antibacterial activity of hollow nanospheres. Figure 9 shows the results of these
studies [46]. One can perceive from this work that the E. coli cells in the presence of CeMo
nanocontainers diminish after 10 min with or without exposure to the light. The CeMo is a
“zero-light” antibacterial compound in the form of a nanocontainer, offering applications in
the transport industry, etc.
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Figure 9. Bacterial survival in CeMo hollow nanospheres’ presence with or without light illumination.

3.4. Energy

Thermal energy storage can be carried out in two ways: with latent heat systems (LHS)
or thermal energy storage (TES) systems. For LHS, storage is achieved by heat dissipation
or by release through a change in the phase of the material. The high energy density and
the narrow range of temperature make these materials effective in various applications.
Organic phase-change materials include paraffin waxes, fatty acids, and polyethylene
glycol. However, they cannot be used freely on devices because of the leakage they sustain
that causes severe damage to the device. One solves this problem when LHS materials such
as paraffin are trapped in nano- or microcontainers to store the working substance and do
not escape into their incorporated material [56].

Nanocontainers Encapsulating PCMs

Implementing the material phase change (PCMs) in thermal energy storage gained
significant attention due to the increase in energy consumption and the rescue of the
environment from pollution. PCMs absorb, store, and release large amounts of latent heat
at specified temperature ranges while phase changes improve device energy efficiency.
Depending on the application, the size of the PCMs is selected. Typically, PCMs are
classified into nanoPCMs, microPCMSs, and macroPCMs, depending on the diameter. The
size of the microPCMs usually varies from 1 mm to 1 mm, while capsules less than 100 nm
are classified as nanoPCMs and capsules greater than 1 mm as macroPCMs. Encapsulated
phase-change materials (EPCM) consist of PCMs with polymer cores and inorganic shells.
Microcapsules and nanocapsules containing N-Octadecane in the melamine-formaldehyde
shell are manufactured from spot polymerization.

The effects of stirring, the emulsifier’s content, the cyclohexane’s diameters, morphol-
ogy, phase-change properties, and thermal stability of PCMs are studied using FT-IR, SEM,
DSC, and TGA. For mass production, one can use the spray-drying technique. One can
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also use the sol-gel method for their production [3]. In this study, the group observed
for the latent heat a value of 156 J/g for paraffin and 80% encapsulation into the SiO,
containers. In a recent survey, n-octadecane paraffin wax as PCM was studied theoretically
and experimentally in nanocontainers in terms of size and conditions of measurements.
They observed a thin layer of melted PCM between the hot container wall and solid PCM.
The concrete PCM sank and the liquid rose to the sphere’s top half. Then, the natural
convection became dominant at the top half of the sphere, where the melting rate was lower
than the bottom half, causing a reduction in the heat transfer and melting rate in general.
Encapsulation seaed the nanoparticles to prevent paraffin from being eliminated, and the
process was repeated for many cycles [57]. This improvement in nanofluids” heat transfer
coefficient impacts the size of the absorbent surface, water-heating time in a water heater,
etc. An innovative method was described to encapsulate high-temperature PCM (salts and
eutectics, NaNOj3, KNOj3, NaNO3-KNO3, NaNO3-KNOj3-LiNO3) melt in the 120-350 °C
temperature range [58]. The study was started to manufacture encapsulated PCMs that can
endure the highly corrosive environment of molten alkali metal nitrate-based salts and their
eutectics. The established technique does not need a sacrificial layer to lodge the volumetric
expansion of the PCMs on melting and reduces the chance of metal corrosion inside the
capsule. The encapsulation consists of coating a nonreactive polymer over the PCM pellet,
followed by the deposition of a metal layer by a novel nonvacuum (more practical and
economically feasible) metal deposition technique (for large-scale fabrication of capsules
utilizing commercially available electroless and electroplating chemistry). The fabricated
capsules survived more than 2200 thermal cycles (5133 h, equivalent to about 7 years of
power plant service) [59]. The thermal cycling test showed no significant degradation in
the thermophysical properties of the capsules and PCM on cycling at any testing stage [59].

3.5. Biomaterials

Today, there is a significant need for implants due to the large percentage of diseases,
the treatment of which is mainly carried out by a surgical procedure. As far as the surgical
procedure is concerned, there is excellent evolution due to the advanced antibiotics, new
anesthetics, and stable implants for treating bone defects and motor problems. We call
biomaterials the implants made by humans. Their use requires biocompatibility with
the body;, i.e., not causing thrombosis and toxic or allergic inflammations when used as
implants in vital tissue. Furthermore, biomaterials must be stable on the surface of contact
with the tissues to avoid breakage. Unfortunately, they do not heal themselves like tissues,
which determines the time of their life and proper functioning.

Another category of biomaterials, which we call bioactive, react with their surface
during contact with their normal body fluids, through which they develop a bond with the
bone and tissues, with the result that the organism assimilates them. L. Hench prepared
the first bioactive material in 1971 [60-62]. These materials are regenerative because they
can suck and regenerate from the bones without leaving residues and are based on silica,
calcium, phosphorus, and sodium elements. These materials should be cell-growth drivers
facilitated by having a porous size of 100 pm [15,63]. These materials produce links with the
tissues and are histogenic. The material produces only extracellular occlusion on its surface,
and its surface is flooded by embryonic cells. A great premise is that these materials are
prepared easily, repetitively, and economically. In a relatively recent paper, the synthesis of
nanocontainers of the SiOp-CaO-P,Os (SiCaP) system was performed with a relatively high
concentration in Ca and P. The outer diameter was 330 nm and the thickness of the shell was
40 nm, leaving a cavity of about 250 nm. These properties, with their composition, make
them candidates for bone tissue-regeneration applications. In another work, nanocontainers
of systems: Si0,—Ca0, S5i0;-NayOSiO,-P,05—-Ca0O, and S5iO-P,05-NayO were produced,
and their osteogenic properties were examined [6]. Treatments in body fluid revealed their
osteogenic properties due to the development of a surface-induced hydroxyapatite layer
that resembled in structure the naturally occurring apatite component of bone, enhancing
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bone development. These systems can be candidates for osteogenic applications tackling
bone pathologies such as metabolic bone disease, trauma, and bone cancer ablation.

3.6. Cement

Reinforced concrete is a composite material that results from concrete reinforcement
with other materials of greater strength. For example, steel in the form of rods is usually
used as a reinforcement, and more rarely, fibers of glass, polymeric materials, and others.
The aim is to combine the properties of the above materials into a new one that will meet
the needs of the construction. The main disadvantage of concrete is its insufficient tensile
strength. Therefore, the reinforcing material must have a high tensile strength to cover the
concrete’s weakness. In addition, the reinforcing material must have a similar coefficient of
thermal expansion. Steel has both of these properties (Figure 10A). On the other hand, a
disadvantage of steel is its susceptibility to corrosion (rust) and fire (Figure 10B).

Corrosion barrier coatings

nanocontainers |

- Nanocontainers + SAP |

bacteria |

Nanocontainers +bacteria |

Figure 10. Self-healing mechanism in concrete via bacteria and SAP in nanocontainers. (A) Con-
crete; (B) Concrete with crack, water induces corrosion on steel; (C) Concrete with bacteria, SAP,
Nanocontainers filled with SAP or Bacteria; (D) Self-healing.

The microstructure of concrete is porous, which can be isolated or interconnected.
Interconnected pores allow water and chemicals to penetrate the concrete. One can under-
stand that permeability plays a vital role in the wear mechanism of concrete. Interconnected
pores allow water and chemical compounds to penetrate the concrete matrix. Moreover,
CO, penetrates the pores to form the cement’s alkaline components, e.g., Ca(OH),. This
makes it clear that the number of pores must be reduced to limit the movement of harmful
substances into the uterus, resulting in iron corrosion. The bibliography has recently devel-
oped iron protection technology with ORMOSIL coatings reinforced with CeO, (5-ATDT)
nanocontainers. These coatings significantly increase metal protection from corrosion and
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the appearance of the self-healing effect. Recently, the biological restoration technique has
reduced the occlusion of newly formed cracks by introducing bacteria into the concrete.
Figure 10C schematically presents this technology. This technology is based on incorpo-
rating a bacterium that metabolizes urea and immerses CaCQOj in the crack environment.
Microbial immersion of CaCOs is certified by several factors, such as the concentration
of dissolved inorganic carbonate ions and the concentration of Ca?* ions. Bacteria are
protected from cement by encapsulation in microcontainers that do not show toxicity.

The spherical poly(methacrylic acids) microspheres of ~700 um diameter were pre-
pared by distillation—precipitation polymerization. The conversion of carboxylic groups
followed this into their sodium salts by treatment with an aqueous sodium hydroxide
solution. Figure 11 shows that these water-trap spheres can absorb water 70 times their
weight. The absorption and drying cycles are repeated countless times.

70 times

Figure 11. SEM images of water traps capable of absorbing water 70 times their weight.

A recent study expanded previous work and produced P(MAA-co-EGDMA)@SiO, by
copolymerizing methacrylic acid (MAA) with ethylene glycol dimethacrylate (EGDMA)
embedded in the cement slurry, which was found to maintain its structure by exhibiting
chemical compatibility with it [16]. The production of P(MAANa-co-EGDMA) @CaO-
SiO, was an extension of the initial study. Flexural strength and compressive strength of
cement-based composites were measured with concentrations bwoc: 0% SAPs, 0.5% SAPs,
kot 2% SAPs where it was 1.05 MPa, 1.51 MPa, and 1.83 MPa and 63.68 MPa, 59.67 MPa,
and 56.27 MPa, respectively. Cracks of cement composites with 2% SAPs healed after
28 days [64].

3.7. Nanomedicine

When a person is diagnosed with cancer, doctors suggest three treatments: surgery,
chemotherapy, and radiotherapy. All solutions are painful, with visible and invisible
results. The visual effect of chemotherapy is hair loss, heart dysfunction, and many other
unfortunate consequences for the patient. Chemotherapy causes a problem to the organs
because a small part of the drugs ends up in cancer sites, and a significant fraction of the
organs cause severe damage to their functionality. The question is: how can nanomedicine
help alleviate the chemotherapy problem? To begin the discussion, let us answer the
question: Is cancer the same as other healthy cells? The answer is: no! Cancer has different
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temperature, pH, and redox values than healthy cells [19,20,65-68]. Can nanocontainers
recognize that environment and deliver the chemotherapy drug locally? Another question
is: Can nanocontainers target only cancer and provide the drug locally? The answer is yes
if we use the nanocontainers of Figure 1. The shell of the Nano4XX platform consists of
three polymers sensitive to temperature, pH, and redox. This platform contains magnetic
nanoparticles for hyperthermia and targeting groups (folic acid for breast cancer, leuprolide
for prostate cancer). The targeting groups can attach cancer-terminating groups, and via
endocytosis can help the Nano4XX platform to enter cancer cells. The Nano4XX platform
exhibits the same T, pH, and redox as cancer, so they can expand inside cancer and deliver
the drug locally.

The realization of this technology involved several individual steps [1,7,19,69-72].
Extensive toxicological studies were conducted on animals [73]. We proved the targeting of
cancer cells via positron emission tomography (PET) studies [19]. Figure 12 shows Nano4XX
(Dox) functionalized with folic acid (F.A.) to target the cancer cells (HeLa) overexpressed at
the surface of the explicit hormone. The nanocontainers enter the cancer cells, illuminating
the cells red via Dox. On the contrary, the nanocontainers are not targeted with FA.
on the surface, coloring their site green due to Fitch. DNA replication is canceled by
intercalation mode. [74,75] The Nano4XX (Dox) platform enters the cancer cells within
15 min of treatment, contrary to the nonfunctionalized Nano4XX (Dox) platform that
agglomerates outside cancer cells.

Cell studies for targeting to HeLa cells by confocal

Without Folic

Acid ‘ With Folic Acid

®  Folic Acid
= Polic Add Receptor

Encapsulation

NC degradation

Red: Lyso-tracker

Green: Fitc-targeted nanocontainers

Figure 12. Cell studies for targeting HeLa cells by confocal microscopy [74,76]. (A) Agglomeration
because the Nano4XX platform is not FA grafted (green color Nano4XX); (B) FA grafted Nano4XX
color the cancer cell surface green, inside the cancer cells are colored red due to Doxorubicin;
(C) FA-grafted Nano4Dox enter the cancer cell where they release Doxorubicin inside resulting
in a destruction of cancer.

Now that we know that the Nano4XX platform is entering cancer cells, we devised
an experiment where the cytotoxicity of the Nano4XX (empty), Nano4Dox platform, and
free doxorubicin (0.01, 0.1, 1, 5, 10, and 30 uM) was studied in the cell lines MCF-7 (breast
carcinoma) and HelLa. (Cervical carcinoma) [77]. The F.A. receptor recognizes the HelLa
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cells located on their surface. [24-27] Measurements were made after incubating cells in the
presence of Nano4XX with or without FA. for 72 h. Figure 13 shows that Nano4XX (empty)
is not toxic to MCF-7 cells for concentrations from 0.01 to 30 uM. However, once Nano4Dox
and doxorubicin are encapsulated in cells, cytotoxicity is practiced in both cases. The same
results were obtained in HeLa cells, respectively [76].

FA targeted NCs FA targeted NCs/DOX DOX
Cytotoxicity of Dox loaded FA NanodXXs on MC F-7 cells

0.01

0.1 1 5 10 30

Dox Concentration [uM]

Figure 13. Cytotoxicity of F.A.-Nano4XX, FA-Nano4(Dox), and free DOX in MCF-7 cells repeated
three times [5,18].

The PET measured Nano4 (Dox) biodistribution with and without F. A. in Hela
mice bearing tumors. Figure 14 shows the distribution of Nano4 (Dox) with or without
PET FA. target groups across various organs and tumors. The measurement was made
after a one-hour accumulation where we see the concentration of Nano4 (Dox) in cancer.
The concentration in the volume Nano4 (Dox) with F. A. rises to 3.5% after one hour of
accumulation [5,18]. Conversely, the attention in the volume without folic acid is zero [21].

Now that we know the Nano4 (Dox) platform with F. A. enters the cancer cells and
acts on them; the question is whether they have a therapeutic effect. For this purpose, SCID
mice bearing HelLa cervical tumors were studied and used to monitor cancer volume as
a function of time in different groups. The experiments were carried out on two types
of drugs: doxorubicin and cisplatin. The results are summarized in Figure 15. When
the Nano4 (Dox) platform is not equipped with F. A., then there is an increase in cancer
volume with time (Figure 15A). The same happens in administering cisplatin to animals
with increased volume over time.
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Figure 15. (A) The behavior of Nano4Dox. (Black line) increased cancer volume when nanocontainers
were delivered with DOX; (green line) decrease in cancer volume when delivering FA-targeted
nanocontainers loaded with DOX; (red line) decrease in cancer volume of FA-targeted nanocontainers
loaded with DOX with an application of hyperthermia. (B) (Blue line) Increase in cancer volume
when delivering cisplatin; (red line) decrease in cancer volume when producing cisplatin; (black line)
further reduction in cancer volume with disposal of Nano4Cis platforms.
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In contrast, the volume decreases with time for the Nano4 (Dox) platform when it
incorporates the target molecule. In this case, a decrease in cancer volume by 20% is
observed in 25 days (Figure 15A). The result is better when hyperthermia is induced in the
treatment. The same effect is obtained in the case of the Nano4Cis platform, which shows
better results than even lipoplatin. PET measurements have shown that 3.5% attaches to
cancer when the Nano4XX platform (Dox, Cis) contains F.A. Toxicological studies and
confocal microscopy measurements have found that the Nano4XX platform (Dox, Cis)
enters cancer cells and works therapeutically. All these results suggest that the new system
is effective in treating cancer. The Nano4XX platform has the intelligence to recognize
cancer and act as a system with “artificial intelligence” because it distinguishes healthy cells
from cancer cells. These experiments proved that Nano4XX (Dox, Cis) is significantly safer
and more effective in vivo than the current gold standard, Doxil© (doxorubicin liposomal),
an absolute nanomedical blockbuster in oncology [20,67,78,79]. This Nano4XX (Dox, Cis,
etc.) technology has been patented with European and USA patents (see Patents).

4. Conclusions and Perspectives

Every nanocontainer technology has reached a specific technology readiness level
(TRL = 1-9). For example, organic nanocontainers present artificial intelligence and have
been tested in terms of their therapeutic efficacy with various anticancer drugs, a worldwide
patent has been written, and a business plan has been drawn up. However, this technology
has a TRL 7 where there must be human studies and GMP production of nanocontainers
from now on. Such a Phase I and Ila clinical study costs EUR 10 million and lasts one year.
With this, finding a pharmaceutical company to continue the development in the following
phases will be straightforward.

The antifouling paint technology also has a significant technology readiness level, TRL
7, because the technology was tested on two commercial ships, produced on an industrial
scale of the nanocontainers, and supported by a patent, and used ecological antifoulants.
After a year of sailing, the vessel partially painted with nanotechnology showed much
better results than commercial paints.

The technology of anticorrosion painting metals with CeMo (MBT, 8HQ) nanocontain-
ers was made with the funding of two European projects, MULTIPROTECT and MUST,
involving DAIMLER, FIAT, EADS, Chemetal, Mankiewicz, and Sika. Prototypes were made
in representative metal parts, where nanotechnology paint technology was demonstrated
using parts of automobiles and airplanes with a small mix of nanocontainers. In terms of
TRL, this paint technology is very advanced because large companies were involved. It is
up to the manufacturers to adopt and promote these technologies.

Other technologies, such as nanocontainers in biomaterials, cement self-healing, en-
ergy storage, and antimicrobial technology, are in the run-up but are promising technologies.
In addition, discussions with industrial partners and funding agencies are underway to
develop these technologies further. However, many questions have not been answered
regarding the lifetime of these technologies. For example, a building requires the incorpo-
ration of self-healing nanocontainers at a time that has not been convincingly verified until
today. Furthermore, as far as SiO, (paraffin) PCMs are concerned, there are problems with
exploiting paraffin by leakage of the nanocontainers that limit their lifetime to applications.

All these achievements, with a research effort of many researchers who have under-
stood the opportunities offered by the nanocontainers, will soon be flooding the commercial
world with nanocontainer-based products benefiting human beings. I hope this review will
incentivize researchers to engage in this field with many innovations.

5. Patents
W.O. 2015/074762 A1, US2016263221, “MULTI-RESPONSIVE TARGETING DRUG

DELIVERY SYSTEMS FOR CONTROLLED-RELEASE PHARMACEUTICAL FORMULA-
TION".
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