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Microwave-Heating-Assisted Synthesis of Ultrathin and
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Delivery Function
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Abstract: With an ultrahigh aspect ratio and a similar chemical composition to the biomin-
eral in bone and tooth, ultralong hydroxyapatite nanowires (UHAPNWs) exhibit a meritori-
ous combination of high flexibility, excellent mechanical performance, high biocompatibility,
and bioactivity. Despite these exciting merits, the rapid and green synthesis of UHAP-
NWs remains challenging. In this work, we have developed an environment-friendly,
rapid, and highly efficient synthesis of ultrathin UHAPNWSs by the microwave-assisted
calcium oleate precursor hydrothermal method using biogenic creatine phosphate as the
bio-phosphorus source. Owing to the controllable hydrolysis of bio-phosphorus-containing
creatine phosphate and the highly efficient heating of microwave irradiation, ultrathin
UHAPNWSs with a homogeneous morphology of several nanometers in diameter (single
nanowire), several hundred micrometers in length, and ultrahigh aspect ratios (>10,000)
can be rapidly synthesized within 60 min. This effectively shortens the synthesis time
by about two orders of magnitude compared with the traditional hydrothermal method.
Furthermore, ultrathin UHAPNWs are decorated in situ with bioactive creatine and self-
assembled into nanowire bundles along their longitudinal direction at the nanoscale. In
addition, ultrathin UHAPNWs exhibit a relatively high specific surface area of 84.30 m? g!
and high ibuprofen drug loading capacity. The flexible bio-paper constructed from in-
terwoven ibuprofen-loaded ultrathin UHAPNWSs can sustainably deliver ibuprofen in
phosphate-buffered saline, which is promising for various biomedical applications such as
tissue regeneration with anti-inflammatory and analgesic functions.

Keywords: hydroxyapatite; nanowire; microwave; hydrothermal; creatine phosphate

1. Introduction

With the rapid and energetic development of nanotechnology in recent decades, vari-
ous kinds of nanomaterials have been created for widespread applications [1-4]. Nanowires,
in particular, with their merits of anisotropy, superior mechanical properties, weaving
ability, and high surface-to-volume ratio, have attracted tremendous attention in recent
years [5,6]. Nanowires and their assembled materials usually exhibit very different physical
and chemical properties from their monolithic bulk analogues [7,8]. For example, many ce-
ramic nanowires have been found to be more flexible than traditional ceramic pieces [9-12],

Molecules 2025, 30, 996 https:/ /doi.org/10.3390/molecules30050996
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and they can be woven into a variety of porous scaffolds for tissue regeneration [13-16].
Moreover, nanowires can provide abundant surface-active points for high drug loading
capacity and controlled drug release [17,18].

Hydroxyapatite (HAP, Cayo(POy4)s(OH);) is a popular inorganic biomaterial for bone
tissue engineering, tooth repair, and drug delivery [19-21]. HAP nanowires (HAPNWs)
show outstanding properties, such as high mechanical properties, biocompatibility, bioac-
tivity, osteo-conductivity, and osteo-induction, owing to their compositional similarity
to the inorganic mineral in human bones and teeth [22,23]. It is well-accepted that high
aspect ratio HAP nanostructures encourage rich functions [24]. In recent years, the authors’
research group has developed a kind of ultralong HAP nanowire (UHAPNW) with ultra-
high aspect ratios (>10,000), about 10 nm in diameter, and several hundred micrometers
in length [25-27]. In contrast to the traditional brittle HAP ceramic materials, UHAPNWSs
exhibit high flexibility. UHAPNWs can be twisted and interwoven owing to their extremely
high aspect ratios, and they can assemble into various flexible functional materials with the
networked structure [26,27]. Moreover, UHAPNWSs show a high surface-to-volume ratio
and significant interface phenomena, providing abundant sites for the attachment of drug
molecules, metal ions, and functional groups [25-28].

The traditional synthesis of HAP materials is still facing the challenges of uncon-
trollable formation of calcium phosphate nuclei and lengthy reaction times [29-31]. In
our previous work, we developed a microwave-assisted calcium oleate precursor-bio-
phosphorus hydrothermal method, which is promising for the preparation of UHAPNWs
with uniform morphology, high mechanical flexibility, and high bioactivity [32]. Moreover,
owing to the controlled hydrolysis of phosphorus-containing biomolecules as well as the
rapid and uniform heating by microwaves [33,34], the nucleation and growth of crystals
can be regulated, resulting in HAP nanowires with small diameters and high aspect ratios.
Unfortunately, until now, only adenosine triphosphate (ATP) has been explored for the
synthesis of UHAPNWSs. The chemical structure of ATP is shown in Scheme 1. More
potential phosphorus-containing biomolecules need to be explored, yet this is challenging.
Unlike the case of inorganic phosphates as the phosphorus source, the complexity of the
structure and hydrolysis process of phosphorus-containing biomolecules may prohibit the
satisfactory preparation of high-quality UHAPNWs.
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Scheme 1. The chemical structures of creatine phosphate and adenosine triphosphate (ATP).

Creatine phosphate (phosphocreatine) is a high-energy phosphate compound com-
monly found in muscle or other excitable tissues [35,36]. The chemical structure of creatine
phosphate is shown in Scheme 1. It is a storage form of high-energy phosphate groups.
When organisms consume ATP and produce adenosine diphosphate, creatine phosphate
can rapidly release high-energy phosphate groups into adenosine diphosphate under
enzymatic action, so that ATP can be rapidly restored to the normal high supply lev-
els [37]. In the past, studies focused on the in vitro hydrolysis of creatine phosphate and its
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mechanisms of interconversion with ATP and creatine in order to understand its role in
influencing the body during exercise [38]. Because of its close association with high-energy
phosphate compounds, creatine phosphate is often used as a reference for testing the
metabolic performance of muscle [39—41]. In recent years, creatine phosphate has been
explored for the synthesis of nanostructured materials. For instance, Cao et al. reported a
microwave solvothermal method for the preparation of hollow hierarchical mesoporous
structured hydroxyapatite microflowers with a high drug loading capacity using creatine
phosphate as the phosphorus source and template [42]. Qi et al. used creatine phosphate to
synthesize magnesium phosphate pentahydrate nanosheets with pH-responsive solubility,
which is promising for use as pH-responsive nanocarriers for drug and gene delivery [43].
However, neither of them successfully prepared UHAPNWSs using creatine phosphate
as the bio-phosphorus source. We speculate that creatine phosphate may be used as the
bio-phosphorus source to synthesize UHAPNWs like ATP.

In this work, we successfully prepared UHAPNWSs with ultrathin diameters (only
several nanometers for a single nanowire) using creatine phosphate as the bio-phosphorus
source and calcium oleate as the precursor by the microwave-assisted calcium oleate
precursor hydrothermal method. The optimized parameters for the synthesis of ultrathin
UHAPNWSs were investigated. The as-prepared ultrathin UHAPNWSs have ultrasmall
diameters (only several nanometers for a single nanowire), ultralong lengths (hundreds
of micrometers), and ultrahigh aspect ratios (>10,000), and can self-assemble along their
longitudinal direction to form nanowire bundles with a high BET specific surface area
(84.30 m? g~ !). Moreover, the as-prepared ultrathin UHAPNWSs show a high ibuprofen
loading capacity (0.33 g drug per gram of nanocarrier). After loading ibuprofen, ultrathin
UHAPNWs still exhibit a high specific surface area of 79.21 m? g~!. The ibuprofen-loaded
ultrathin UHAPNWsS can be further interwoven into flexible and porous bio-paper, and it
can continuously release the drug in phosphate-buffered saline (PBS), which is promising
for various biomedical applications such as inflammatory treatment and promoting tissue
regeneration.

2. Results and Discussion
2.1. Characterization of Ultrathin UHAPNWs

In this work, we chose sodium creatine phosphate tetrahydrate as the bio-phosphorus
source and calcium oleate as the precursor, and used microwave-assisted hydrothermal heat-
ing to rapidly synthesize ultrathin UHAPNWSs. The synthetic process of ultrathin UHAPNWSs
is demonstrated in Figure 1. As shown in the schematic diagram, calcium ions are combined
with oleate groups to form calcium oleate precursor. It is known that the phosphate groups
are fixed within creatine phosphate biomolecules [44,45]. In the initial reaction system, there
are no free PO,>~ ions because creatine phosphate molecules are not hydrolyzed to release
free PO, ions, which can prevent the premature formation of calcium phosphate nuclei and
uncontrollable crystal growth. During microwave heating, the temperature of the reaction
system rises rapidly, and creatine phosphate molecules hydrolyze and release free PO,>~
ions to supply the phosphorus source for the formation of ultrathin UHAPNWSs. Moreover,
microwave-assisted heating shows the advantages of rapid volumetric heating, higher effi-
ciency and reaction rates, shorter reaction times, and lower energy consumption compared
with the conventional heating methods [34,46—48], which is beneficial for controlling the
hydrolysis of creatine phosphate molecules as well as for the environmentally friendly
rapid synthesis of homogeneous and well-crystallized ultrathin UHAPNWs. In our pre-
vious review article [34], we discussed the comparison of energy consumption between
microwave heating and conventional heating, confirming that the energy consumption of
microwave heating is reduced significantly compared with conventional heating methods.
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In addition, in our previous studies, the microwave heating time needed for the synthesis
of UHAPNWSs was much shorter (less than 1 h) than the conventional heating methods
(usually about 24 h or longer), and the microwave heating time needed for the synthesis
of UHAPNWSs decreased by about two orders of magnitude, further verifying that the
energy consumption by microwave heating can be reduced significantly compared with
conventional heating methods [25,28,32,47]. Microwave heating can significantly enhance
the chemical reaction rate, selectivity, and yield of the product, and microwave heating syn-
thesis can exhibit order-of-magnitude enhancements in the reaction rate as compared with
the conventional heating synthesis. Due to the merits of microwave dielectric volumetric
heating for rapid temperature ramping of the reaction system, the conventional heating
system needs more than six times the energy consumption for the synthesis of cubic BaTiO3
nanoparticles compared with that of the microwave heating system [34,49]. As a result, the
microwave heating calcium oleate precursor hydrothermal method provides a promising
pathway to significantly enhance the efficiency and reduce the energy consumption for the
rapid synthesis of UHAPNWs.
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Figure 1. Schematic diagram of the rapid synthesis of ultrathin UHAPNWSs by the microwave-
assisted calcium oleate precursor hydrothermal method using sodium creatine phosphate as the bio-
phosphorus source, and the self-assembly of ultrathin UHAPNWSs into ultralong nanowire bundles.

Figure 2 shows the SEM images of the ultrathin UHAPNWSs synthesized by the
microwave-assisted calcium oleate precursor hydrothermal method using creatine phos-
phate as the bio-phosphorus source, and the reaction time and temperature are 60 min
and 180 °C, respectively. As expected, ultrathin UHAPNWSs can be successfully prepared
by the microwave-assisted calcium oleate precursor hydrothermal method using crea-
tine phosphate as the bio-phosphorus source. The as-prepared ultrathin UHAPNWSs are
morphologically homogeneous, and their diameters are dozens of nanometers, and their
lengths can reach hundreds of micrometers. In addition, ultrathin UHAPNWSs can self-
assemble along their longitudinal direction to form nanowire bundles with larger diameters.
Ultrathin UHAPNW: are highly flexible and can be bent at large angles without fracture.
Due to the high aspect ratios and high flexibility of ultrathin UHAPNWS, they tend to
interweave into a porous nanowire network.

Energy dispersive spectroscopy (EDS) elemental mapping results (Figure 3) indicate
that the as-prepared ultrathin UHAPNWs contain Ca, P, O, N, and C elements. The Ca,
P, and O elements originate from ultrathin UHAPNWs. Both the N and C elements are
from the components of creatine phosphate, suggesting the presence of creatine phosphate
molecules adsorbed on the surface of ultrathin UHAPNWs.
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Figure 2. SEM images with different magnifications (a-d) of UHAPNWs prepared by the microwave-
assisted calcium oleate precursor hydrothermal method using creatine phosphate as the bio-
phosphorus source at 180 °C for 60 min.

Figure 3. EDS elemental mapping of the ultrathin UHAPNWSs prepared by the microwave-assisted
calcium oleate precursor hydrothermal method using creatine phosphate as the bio-phosphorus
source at 180 °C for 60 min.

Higher-resolution structural analysis of the as-prepared ultrathin UHAPNWSs was
performed by TEM, and the results are shown in Figure 4. One can see that ultrathin
UHAPNW: are self-assembled along their longitudinal direction to form nanowire bundles
with diameters of 10 to ~100 nanometers (Figure 4a). The diameter of a single ultralong
HAP nanowire is only ~6 nm (Figure 4b), which is lower than those of UHAPNWs prepared
using inorganic phosphate salts as the phosphorus source, and consistent with those of
UHAPNWS synthesized using ATP as the bio-phosphorus source in our previous work [32].
This suggests that the combination of rapid microwave heating and the use of phosphorus-
containing biomolecules as the bio-phosphorus source can rapidly synthesize UHAPNWs
with ultrasmall diameters compared with those prepared by the conventional heating
methods using inorganic phosphates. It is calculated that the aspect ratios of the as-prepared
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ultrathin UHAPNWSs are more than 10,000. The TEM image of the nanowire bundles
clearly reveals that ultrathin UHAPNWs self-align along their longitudinal direction at
the nanoscale (Figure 4c). Such nanoscale ordered structures are beneficial to the superior
microscopic flexibility of the ultralong HAP nanowire bundles [50].

Figure 4. TEM images of ultrathin UHAPNWSs and nanowire bundles with high flexibility (a), ultra-
small nanowire diameter (b), and nanoscale self-alignment (c) prepared by the microwave-assisted
calcium oleate precursor hydrothermal method using creatine phosphate as the bio-phosphorus
source at 180 °C for 60 min.

2.2. Effects of Experimental Parameters on the Formation of Ultrathin UHAPNWs

We explored the influence of the reaction time on the formation of ultrathin UHAP-
NWs prepared by the microwave-assisted calcium oleate precursor hydrothermal method
using creatine phosphate as the bio-phosphorus source at 180 °C. As shown in Figure 5,
one-dimensional (1-D) wire-like structures are formed for a reaction time of 15 min, accom-
panying many irregular-shaped particles (Figure 5a,b). When the microwave heating time
increases to 30 min, the particles disappear and HAP nanowires are obtained. However,
the as-prepared HAP nanowires show significantly heterogeneous sizes, and some mi-
crofibers with diameters of several micrometers can be observed (Figure 5¢,d). As discussed
above, when the microwave heating time further increases to 60 min, well-defined ultrathin
UHAPNWSs with a uniform morphology, ultrasmall diameters, ultralong lengths, ultrahigh
aspect ratios, and high flexibility are obtained (Figure 2). In contrast to the traditional
hydrothermal method that requires tens of hours to synthesize UHAPNWs, the microwave
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heating in this work can produce high-quality ultrathin UHAPNWs within 60 min, which
can greatly enhance the reaction rate and efficiency, and shorten the reaction time.
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Figure 5. Evaluation of the influence of the reaction time on the formation of the product prepared
by the microwave-assisted calcium oleate precursor hydrothermal method using creatine phosphate
as the bio-phosphorus source at 180 °C. (a-d) SEM images of the products prepared for different
reaction times: (a,b) 15 min; (c,d) 30 min. (e) XRD patterns. (f) FTIR spectra.

Figure 5e shows the XRD patterns of the products synthesized by the microwave-
assisted calcium oleate precursor hydrothermal method using creatine phosphate as the
bio-phosphorus source at 180 °C for different times. The XRD patterns indicate that the
as-prepared samples are composed of a single crystal phase of hexagonal hydroxyapatite
(JCPDS No. 09-0432). This experimental result indicates that a single crystal phase of
hydroxyapatite is formed in a short period of the microwave-assisted hydrothermal time
(<15 min). With an increase in the reaction time, the crystallinity of the product is enhanced.
Therefore, well-crystalline HAP nanowires have already formed within 30 min.

The experimental results show the microwave heating time has a great impact on
the morphology and size of the product. It usually takes about 24 h or longer for the
synthesis of UHAPNWs and other one-dimensional (1-D) hydroxyapatite nanomaterials by
traditional heating methods [25,28,51-59], indicating the high efficiency and energy-saving
advantage of the microwave heating method. The FTIR spectra (Figure 5f) show absorption
peaks at 2931 cm ™! and 2854 cm ™!, corresponding to the -CHj and -CH, groups, and
absorption peaks at 1091 cm~!, 1027 cm~!, 603 cm~!, and 561 cm~!, belonging to the
PO,3~ group [28,56], suggesting the formation of ultrathin UHAPNWS and the presence of
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organic components (oleate and creatine phosphate) on their surface. Ultrathin UHAPNWSs
with a uniform morphology, ultrasmall diameters, ultralong lengths, ultrahigh aspect ratios,
and high crystallinity can be obtained when microwave hydrothermal heating is performed
for a sufficient time, and 60 min is preferred.

On this basis, we investigated the effect of microwave hydrothermal temperature on
the formation of the product. As shown in Figure 6a, when the microwave hydrothermal
temperature is 120 °C, the XRD pattern of the product shows a low crystallinity of hy-
droxyapatite and a broad diffraction peak from ~20°to ~40°, corresponding to amorphous
calcium phosphate. That is, the product obtained by the microwave-assisted hydrothermal
treatment at 120 °C for 60 min consists of a mixture of low-crystallinity hydroxyapatite
and amorphous calcium phosphate. When the microwave hydrothermal temperature
increases to 140 °C, the amount of the amorphous phase decreases significantly. When
the microwave hydrothermal temperature is elevated to 160 °C or above, the product is
composed of a single-phase crystalline hydroxyapatite with a hexagonal structure. The
FTIR spectra of the products prepared by the microwave-assisted calcium oleate precursor
hydrothermal method using creatine phosphate as the bio-phosphorus source at different
temperatures for 60 min are shown in Figure 6b. The absorption peak at ~3569 cm ! is
ascribed to the ~OH group of hydroxyapatite. The absorption peaks at 1027 cm ™! and 1091
cm ! correspond to the stretching mode of the PO,3~ group, and the absorption peaks
located at 603 cm~! and 561 cm ™! correspond to the bending mode of the O-P-O of the
PO43~ group. Furthermore, the absorption peaks from 1300 to 1700 cm ™! originate from
the presence of the groups from phosphocreatine, indicating that the phosphocreatine
molecules are adsorbed on the surface of the products.

The experimental results indicate that the microwave hydrothermal temperature has
a great effect on the morphology of the product (Figure 6c-h). When the microwave
hydrothermal temperature is 120 °C or 140 °C, irregular structures are obtained, although
their XRD patterns show the formation of the crystal phase of hexagonal hydroxyapatite.
Thus, UHAPNWSs cannot be prepared at low reaction temperatures by this method. From
the crystallographic perspective, the oriented growth of hydroxyapatite into ultralong
nanowires along its c-axis direction requires sufficiently high temperatures and pressures.
As expected, when the reaction temperature is enhanced to 160 °C, UHAPNWs are formed
without irregular structures, and the UHAPNWSs become longer and thinner when the
reaction temperature further increases to 180 °C. Therefore, an adequately high reaction
temperature is essential for the formation of ultrathin UHAPNWs. In order to obtain
ultrathin UHAPNWS, the minimum reaction temperature should be 180 °C.

Furthermore, we investigated the influence of the Ca/P molar ratio of the reactants
on the structure of the product (Figure 7). For the samples discussed above, we fixed
the Ca/P molar ratio of the reactants at 1:2. Here, we modulated this ratio to 1:1.5 and
1:1 by varying the amount of creatine phosphate but fixing the amount of CaCl,. As
shown in Figure 7a), the modulation of the Ca/P molar ratio of the reactants does not
change the crystalline phase of the product, and all samples can be indexed to a single
crystalline phase of hexagonal hydroxyapatite (JCPDS No. 09-0432). The FTIR spectra of
the samples prepared at different Ca/P molar ratios of the reactants are shown in Figure 7b.
The characteristic absorption peaks at 2927 cm ™! and 2854 cm ™!, corresponding to the
—CHj3 and -CH, groups, are observed in all FTIR spectra of the products. In addition, the

characteristic absorption peaks at 1650 cm ™! and 1558 cm !

are ascribed to the bending
vibrations of -NH; and C-N-H. These results suggest the presence of characteristic groups

from phosphocreatine in the product.
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Figure 6. Characterization of the products obtained by the microwave-assisted calcium oleate
precursor hydrothermal method using creatine phosphate as the bio-phosphorus source at different
temperatures for 60 min. (a) XRD patterns; (b) FTIR spectra; (c-h) SEM images: (c,d) 120 °C,
(e,f) 140 °C, and (g/h) 160 °C.

The SEM investigation results reveal that the Ca/P molar ratio of the reactants also
influences the morphology of the product. Although ultrathin UHAPNWSs can be prepared
by the modulation of Ca/P molar ratios ranging from 1:1 to 1:2, they exhibit a distinct
size and uniformity. When the Ca/P molar ratio is 1:1, the as-prepared UHAPNWSs
show uneven diameters and lengths, and some thick HAP microfibers can be observed
(Figure 7c,d). When the Ca/P molar ratio decreases to 1:1.5, the HAP nanowire bundles
become thicker, with some particles. As discussed above, when the Ca/P molar ratio is 1:2,
relatively uniform ultrathin UHAPNWs are synthesized. Therefore, hexagonal structured
UHAPNWS can be obtained at different molar ratios of calcium and phosphorus sources



Molecules 2025, 30, 996

of reactants, but ultrathin UHAPNWSs with uniform sizes and higher aspect ratios are
obtained when the Ca/P molar ratio is 1:2.

Therefore, the reaction time, reaction temperature, and Ca/P molar ratio of the reac-
tants are important parameters to modulate the size and morphology of the product. We
can conclude that the optimized parameters for the preparation of ultrathin UHAPNWs
are as follows: adopting the microwave-assisted calcium oleate precursor hydrothermal
method using creatine phosphate as the bio-phosphorus source heated at 180 °C for 60 min
with the Ca/P molar ratio of the reactants being 1:2.
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Figure 7. Characterization of the products prepared by the microwave-assisted calcium oleate
precursor hydrothermal method using creatine phosphate as the bio-phosphorus source at different
Ca/P molar ratios at 180 °C for 60 min. (a) XRD patterns; (b) FTIR spectra; (c—f) SEM images of the
samples prepared at different Ca/P molar ratios: (c,d) 1:1 and (e,f) 1:1.5.

2.3. The Formation Mechanism of Ultrathin UHAPNWs

The oleate plays an important role in the formation of ultrathin UHAPNWs. As
shown in Figure 8a, although sodium oleate is absent from the reaction system, the XRD
pattern of the obtained product is also indexed to a single crystal phase of hexagonal
hydroxyapatite (JCPDS No. 09-0432). This is consistent with the results obtained with the
synthetic system using sodium oleate. Therefore, sodium oleate does not alter the crystal
phase of the product in this method. It is noted that the product obtained without sodium
oleate shows a higher degree of crystallinity than ultrathin UHAPNWSs prepared in the

10
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presence of sodium oleate. This may be attributed to the fact that ultrathin UHAPNWs
possess ultrasmall diameters but extraordinarily long lengths, leading to the significant
disarrangement of surface atoms. Similarly, as shown in Figure 8b, the FTIR spectra of
the products obtained by the microwave-assisted hydrothermal method using creatine
phosphate as the bio-phosphorus source both with and without sodium oleate exhibit the
characteristic absorption peaks of PO,3 located at 1091 cm™, 1027 em™, 603 cm™!, and
561 cm™!, suggesting the formation of hydroxyapatite. However, the FTIR spectra of the
ultrathin UHAPNWSs prepared in the presence of sodium oleate show more pronounced
C-N-H and —CHj3 absorption peaks at 1558 cm™ and 1457 cm™!, respectively, compared
with those of the product prepared without sodium oleate. These peaks originate from
creatine phosphate, suggesting that the interaction between oleate and creatine phosphate
can better facilitate the in situ modification of the surface of ultrathin UHAPNWSs with
creatine phosphate molecules.

(a) = (b) “o|—withoutNa0A | T
- s 83 Without NaOA = | — Wwith NaOA s
= S [ = . | 8

T = § 2 (4] | PO}~ stretching | €
LA I,,. “\1 A b : o 5

(8] | B
a : '-1800 1600 1400 1200 1000 800_1600
= Wit NEOA ‘S __Wavenumber (cm™)
2 =
o7 ——— €&
"E JCPDS No.09-0432 g
| Lol .| Il- ‘|I I|'.l|.|||||I|I|I|II|=|I|||I| E y r r r _ - = =
10 20 60 70 = 3500 3000 2500 2000 1500 1000 500

30 40 50
20 (degree)

o

Wavenumber (cm™)

Figure 8. (a,b) XRD patterns (a) and FTIR spectra (b) of the products prepared by the microwave-
assisted hydrothermal method using creatine phosphate as the bio-phosphorus source with or
without sodium oleate at 180 °C for 60 min (Ca/P molar ratio 1:2). (c,d) SEM images of calcium
oleate obtained by the reaction between sodium oleate and CaCl, in an aqueous solution. (e,f) SEM
images of the product synthesized by the microwave-assisted hydrothermal method using creatine
phosphate as the bio-phosphorus source in the absence of sodium oleate at 180 °C for 60 min (Ca/P
molar ratio 1:2).
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As shown in Figure 8c,d, the calcium oleate precursor formed by the reaction between
oleate groups and calcium ions consists of irregular particles. During the microwave
heating process, the hydrolysis of creatine phosphate results in the release of PO,3~ ions,
and PO,>" ions react with calcium oleate to gradually form ultrathin UHAPNWSs. However,
without the addition of sodium oleate to the reaction system, no calcium oleate precursor
is formed, lacking structural guidance for the growth of ultrathin UHAPNWSs. Therefore,
only severely aggregated HAP particles are obtained in the reaction system in the absence
of the calcium oleate precursor, and their diameters range from hundreds of nanometers to
several micrometers (Figure 8e,f). The chemical reactions associated with the formation
of ultrathin UHAPNWs using the calcium oleate precursor and creatine phosphate as the
bio-phosphorus source is described below.

Ca?* + 2R-COO~ — Ca(R-COO),

Phosphocreatine + HyO — Creatine + H3PO4

10Ca(R—COO)2 + 6H3PO4 +2H,0O — Calo(PO4)6(OH)2 + 20R-COOH

where R = CH3(CH2)7CH = CH(CH2)7.

Phosphocreatine is unable to hydrolyze in an aqueous solution at room temperature
without creatine kinase, and can only hydrolyze at high temperatures without creatine
kinase. Thus, unlike the case of inorganic phosphates as the phosphorus source, phos-
phocreatine can prevent undesired premature chemical reactions between calcium oleate
precursor and PO,>" ions before the microwave-assisted hydrothermal treatment.

As shown in Figure 9, the FTIR spectrum of the dried product obtained by mixing
the calcium oleate precursor and sodium creatine phosphate in aqueous solution (labelled
as Ca(OA),-CP) is consistent with that of the pure calcium oleate precursor (labelled
as Ca(OA),), indicating that the premature chemical reactions between calcium oleate
precursor and sodium creatine phosphate did not occur. This can avoid the uncontrolled
chemical reaction, nucleation, and crystal growth of the product.

Ca(OA),
Ca(OA),-CP

Transmittance (a. u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 9. FTIR spectra of the calcium oleate (Ca(OA),) precursor and the dried product (Ca(OA),-CP)
obtained by mixing the calcium oleate precursor with sodium creatine phosphate tetrahydrate in an
aqueous solution at room temperature.
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In addition, microwave heating shows competitive superiorities such as environmental
friendliness, high efficiency, and energy savings. Therefore, during the microwave-assisted
hydrothermal treatment, the temperature of the reaction system is rapidly and uniformly
elevated to the hydrolysis temperature of phosphocreatine, and the hydrolysis of phospho-
creatine releases free PO43~ ions in an aqueous solution to participate in the formation of
ultrathin UHAPNWS. This can avoid the problem that calcium phosphate nuclei prema-
turely form and subsequently grow into byproducts during the lengthy heating process of
the conventional hydrothermal treatment using inorganic phosphates as the phosphorus
source, which results in an inhomogeneous morphology and size.

As expected, the experimental results verify our speculation that creatine phosphate is
a rational phosphorus-containing biomolecule to control the formation of ultrathin UHAP-
NWs through the microwave-assisted calcium oleate precursor hydrothermal method. The
advantages of creatine phosphate as a bio-phosphorus source for the synthesis of UHAP-
NWs are summarized as follows: (1) creatine phosphate is a biogenic and small biomolecule
containing only one phosphate group in each molecule with the same breaking energy,
which can provide PO4% ions for the formation of UHAPNWs by hydrolysis in an aqueous
solution under hydrothermal conditions; (2) since the hydrolysis of creatine phosphate
requires creatine kinase at room temperature, and can only hydrolyze at high temperatures
in the absence of creatine kinase, this can prevent the undesired premature chemical re-
actions between calcium oleate precursor and PO, ions before the microwave-assisted
hydrothermal treatment; (3) the hydrolysis conditions for creatine phosphate to release
PO4* ions are consistent with the hydrothermal treatment required for the formation of
UHAPNWES; (4) creatine phosphate and its hydrolyzed product show high biocompatibility.

In our previous work, we chose ATP as the bio-phosphorus source for synthesizing
UHAPNWS [32]. The chemical structure of creatine phosphate is very different from that of
ATP, and thus their hydrolysis processes are different. Creatine phosphate and ATP cannot
hydrolyze without enzymes at room temperature, and they can only hydrolyze at high
temperatures in the absence of enzymes, but their hydrolysis behaviors are different at high
temperatures under hydrothermal conditions. One ATP molecule contains three phosphate
groups with different breaking energies, which gradually hydrolyze to form adenosine
diphosphate, adenosine monophosphate, and adenosine under hydrothermal conditions,
and the phosphate ions are released in an aqueous solution. In comparison, one creatine
phosphate molecule contains only one phosphate group, and the same activated energy is
needed for its hydrolysis. Therefore, creatine phosphate can hydrolyze to provide phos-
phate ions for the formation of UHAPNWs in a short period of time, which is beneficial for
obtaining ultrathin UHAPNWSs with a uniform morphology. Moreover, creatine phosphate,
as a common drug for the treatment of hypertension and cardiovascular disease [60,61], is
cheaper than ATP and thus is more promising to be used as the bio-phosphorus source for
the synthesis of UHAPNWSs with a reduced cost.

2.4. Ultrathin UHAPNWs as Drug Nanocarriers for Drug Delivery

Owing to their ultrasmall diameter, ultralong length, and ultrahigh aspect ratio, the
as-prepared ultrathin UHAPNWs are the ideal nanocarrier for drug delivery. Herein, we
investigated the drug loading performance of ultrathin UHAPNWs as the drug carrier
using ibuprofen, a typical anti-inflammatory drug, as the model drug. The TG-DSC analysis
was applied to calculate the drug loading capacity of ultrathin UHAPNWSs. As shown
in Figure 10a, the pure ultrathin UHAPNWSs without ibuprofen loading exhibit a weight
loss of about 12.08 wt.% from room temperature to 800 °C. This weight loss is ascribed to
the evaporation of adsorbed water (5.32 wt.%), as well as the oxidative decomposition of
creatine phosphate and residual oleate (6.76 wt.%). Thus, the organic content of UHAPNWSs
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is calculated to be approximately 7.14%. The weight loss of ultrathin UHAPNWSs loaded
with ibuprofen is only 0.5 wt.% when it is heated from room temperature to 150 °C,
mainly due to the evaporation of the adsorbed water. Compared with the TG curve of
pure ultrathin UHAPNWsS, the adsorbed water of ibuprofen-loaded UHAPNWSs obviously
decreases, which may be ascribed to the solvent exchange (water and hexane) during the
ibuprofen loading process. When the temperature is further enhanced to 800 °C, the weight
loss of ultrathin UHAPNWSs loaded with ibuprofen reaches 29.88 wt.%. The increased
weight loss results from the oxidative decomposition of ibuprofen. As evidence, there
is a clear exothermic peak at 352.8 °C in the DSC curve of ibuprofen-loaded ultrathin
UHAPNWS, whereas there is no obvious peak in the DSC curve of unloaded ultrathin
UHAPNWEs in the same temperature range (Figure 10b).
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Figure 10. (a,b) Thermal analysis of the ultrathin UHAPNWSs prepared by the microwave-assisted
calcium oleate precursor hydrothermal method using creatine phosphate as the bio-phosphorus
source at 180 °C for 60 min (Ca/P molar ratio 1:2) before and after loading ibuprofen: (a) TG curve;
(b) DSC curve. (c,d) Nitrogen absorption/desorption curves of ultrathin UHAPNWSs before (c) and
after (d) ibuprofen loading. (e) SEM image of the ibuprofen-loaded ultrathin UHAPNW bio-paper.
The inset is a digital image showing the high flexibility of the bio-paper. (f) Cumulative ibuprofen
drug release profile of the ibuprofen-loaded ultrathin UHAPNW bio-paper in PBS (pH = 7.4, 37 °C).

As the TG curve shows significant stepwise weight loss, it can be used to evaluate
the ibuprofen loading. According to the thermogravimetric analysis results, the ibuprofen
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loading capacity (drug (g)/carrier (g)) in ultrathin UHAPNWSs can be calculated using the
following equation:
M —mp

content (%) =1 — M-
my ny

_m -
Loading capacity (g/g) = ( mml) =M

In the above equation, m; and m; are the percentages of the remaining weights of
unloaded ultrathin UHAPNWSs and ibuprofen-loaded ultrathin UHAPNWsS, respectively,
after being heated at a high temperature of 900 °C in the TG curves. According to this
equation, the drug loading of ibuprofen in the ultrathin UHAPNW carrier is calculated
as 0.33 g g7}, i.e., 0.33 g of ibuprofen can be loaded per gram of the ultrathin UHAPNW
carrier, indicating the good drug loading capacity of the as-prepared ultrathin UHAPNWs.

In order to investigate the change in the ultrathin UHAPNWSs before and after ibupro-
fen loading, the Brunauer-Emmett—Teller (BET) specific surface areas of the samples were
measured. As shown in Figure 10c, the BET specific surface area of the pure ultrathin
UHAPNWS without ibuprofen loading is measured to be about 84.30 m? g1, while after
loading ibuprofen, the specific surface area is slightly reduced to 79.21 m? g~! (Figure 10d).
In comparison with our previously reported ultralong UHAPNWS prepared by the cal-
cium oleate precursor traditional hydrothermal/solvothermal method using the inorganic
phosphate as the phosphorus source, the BET specific surface area of ultrathin UHAPNWs
in this work is much higher because of the ultrasmall diameter, ultralong length, and
ultrahigh aspect ratio. The high specific surface area of ultrathin UHAPNWSs can provide
plenty of active sites for drug loading, leading to a high drug loading capacity.

Furthermore, the ibuprofen-loaded ultrathin UHAPNWSs can be interwoven into
flexible and porous bio-paper. As shown in Figure 10e, the SEM image of the as-prepared
bio-paper shows a continuous networked porous structure randomly interwoven with
ibuprofen-loaded ultrathin UHAPNWs. This structure endows the bio-paper with high
flexibility, which can be bent at large angles without noticeable damage (Figure 10e).
The porous network structure provides a suitable microenvironment for cell adhesion,
proliferation, and differentiation, and thus favors tissue regeneration [62-64]. In addition,
the ibuprofen-loaded ultrathin UHAPNW bio-paper can sustainably release ibuprofen. As
shown in Figure 10f, the ibuprofen drug is released at a suitable rate from the bio-paper in
the first 12 h, which is beneficial for rapid anti-inflammatory pain relief. Then, the drug
release rate decreases gradually.

The drug release kinetics of ibuprofen from the ibuprofen-loaded ultrathin UHAPNW
bio-paper can be described well by the Higuchi model, with a high coefficient of deter-
mination (R?) of 0.99 (Figure 11). According to this model, the cumulative amount of the
released drug has a linear relationship with the square root of the release time

Q= k-t1/?

where Q; is the amount of the drug released at time ¢, and k is the release rate constant for the
Higuchi model [65,66]. This model is the common description for the diffusion-controlled
release of a drug from insoluble carriers [67]. Therefore, as the ultrathin UHAPNWSs exhibit
a slow biodegradation rate in PBS, the drug release kinetics of ibuprofen from ultrathin
UHAPNW bio-paper can be described as a process governed by the diffusion of drug
molecules. It is expected that the as-prepared drug-loaded ultrathin UHAPNW bio-paper
is promising for various biomedical applications such as anti-inflammatory, analgesic,
wound healing, and bone defect repair.
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Figure 11. The linear relationship between the cumulative drug release percentage and the square
root of the release time, which is consistent with the Higuchi model.

3. Experimental
3.1. Materials and Chemicals

Calcium chloride (CaCly) and hexane were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Sodium oleate and sodium creatine phosphate
tetrahydrate were purchased from Aladdin Industrial Corporation. Ethanol was obtained
from Shanghai Lingfeng Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals
were used as received without further purification. Deionized water was used in the
related experiments.

3.2. Synthesis of Ultralong HAP Nanowires with Ultrathin Diameters

Ultralong HAP nanowires (UHAPNWs) with ultrathin diameters were synthesized by
the microwave-assisted calcium oleate precursor hydrothermal method. Typically, CaCl,
(0.110 g) was dissolved in 5 mL deionized water. 2.634 g sodium oleate was dissolved
in 15 mL hot deionized water, cooled, and then slowly added into the CaCl, aqueous
solution under magnetic stirring at room temperature. After 15 min of stirring, 5 mL
of the aqueous solution containing 0.667 g sodium creatine phosphate tetrahydrate was
added dropwise to the above mixture under magnetic stirring at room temperature. After
that, the obtained aqueous suspension was transferred into an autoclave, sealed, and
heated in a microwave oven (MDS-6, Sineo, Shanghai, China) for 60 min. The autoclave
in this work was a modified polytetrafluoroethylene (TFM) cylindrical autoclave (total
volume = 60 mL). Its inner diameter, outer diameter, and inner height were 3.0 cm, 3.8 cm,
and 9.3 cm, respectively. It was fixed in a high-strength outer vessel. The microwave oven
was a microwave hydrothermal/solvothermal synthesis system with a continuous heating
mode, and the autoclave was continuously rotated during the microwave irradiation to
ensure relatively uniform heating. After microwave heating, the autoclave was cooled
down to room temperature, and the product was washed with ethanol and deionized water
3 times each. All samples were dried at 60 °C for 24 h before further use. Other samples
were prepared by a similar procedures but with varying experimental parameters.

3.3. Material Characterization

X-ray powder diffraction (XRD) patterns were recorded by an X-ray diffractometer
(D/max 2550 V, Rigaku, Tokyo, Japan) with Cu K« radiation (A = 1.54178 A). Fourier
transform infrared (FTIR) spectra were obtained with a FTIR spectrometer (FTIR-7600,
Lambda Scientific, Edwardstown, Australia). Morphological observations of the samples
were performed using scanning electron microscopy (SEM, Gemini 450, Zeiss, Oberkochen,
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Germany, and TM-3000, Hitachi, Tokyo, Japan) and transmission electron microscopy (TEM,
JEM-2100F, JEOL, Tokyo, Japan). The elemental mapping of UHAPNWSs was performed
by SEM energy-dispersive X-ray spectroscopy (EDS, Ultim Extreme, Oxford Instrument,
Oxford, UK) and SEM (Gemini 450, Zeiss, Oberkochen, Germany) at 10 kV. The samples
were sputtered with gold for 15 s. The thermal properties of samples were tested by
thermogravimetric (TG) analysis and differential scanning calorimetry (DSC) (STA 409/PC,
Netzsch, Selb, Germany) at a heating rate of 10 °C-min~! in flowing air. The Brunauer—
Emmett-Teller (BET) specific surface area of the samples was measured by analyzing
N, adsorption/desorption using a surface area and pore size analyzer (Tristar II 3020,
Micromeritics, Norcross, GA, USA). Before the measurement, the samples were outgassed
at 80 °C for at least 4 h. The cumulative release of ibuprofen from the bio-paper of
ibuprofen-loaded ultrathin UHAPNWSs was assessed by soaking it in PBS at 37 °C under
constant shaking (160 rpm) in a temperature-controlled shaker (HZQ-X 160, Peiying,
Suzhou, China). At various intervals, 1 mL of the supernatant was withdrawn and analyzed
by ultraviolet-visible (UV-vis) absorption spectroscopy (UV-23001I, Techcomp Instrument,
Shanghai, China) to analyze its absorbance at a wavelength of 263 nm. Meanwhile, fresh
PBS was added to replace the withdrawn volume to maintain a constant volume throughout
the experiment.

3.4. Ibuprofen Loading

In a typical procedure of ibuprofen drug loading, ibuprofen was dissolved into hexane
to form a solution with a concentration of 50 mg mL~!. Then, 50 mg of the as-prepared
powder of ultrathin UHAPNWSs was added into 20 mL of the above ibuprofen solution
under magnetic stirring. It should be noted that the container was covered with a lid to
avoid the evaporation of hexane. After being soaked for 4 h, the supernatant was removed,
and the ibuprofen-loaded ultrathin UHAPNWSs were collected, washed with clean hexane,
and dried to obtain the ibuprofen-loaded ultrathin UHAPNW drug delivery system.

4. Conclusions

To sum up, we have developed the microwave-assisted calcium oleate precursor
hydrothermal method for the rapid synthesis of ultrathin UHAPNWSs using creatine phos-
phate as the bio-phosphorus source. This method has the advantages of environmental
friendliness, efficient heating, a short reaction time, high efficiency, and energy savings. The
controllable hydrolysis of phosphocreatine prevents the undesired premature formation
of calcium phosphate nuclei, and microwave heating rapidly and uniformly elevates the
temperature for phosphocreatine hydrolysis, which releases free PO43~ ions for the forma-
tion of homogeneous ultrathin UHAPNWs. Ultrathin UHAPNWSs with ultrathin diameters
(only ~6 nm for a single nanowire), ultralong lengths (several hundred micrometers), and
ultrahigh aspect ratios (>10,000) can be rapidly prepared within 60 min, shortening the
synthesis time by about two orders of magnitude compared with the traditional hydrother-
mal method. Ultrathin UHAPNWs can self-assemble along their longitudinal direction to
form nanowire bundles with a high BET specific surface area (84.30 m? g~!). Moreover,
the as-prepared ultrathin UHAPNWSs show a high ibuprofen loading capacity (0.33 g drug
per gram of nanocarrier). After loading ibuprofen, ultrathin UHAPNWsS still exhibit a high
specific surface area of 79.21 m? g~ !. The ibuprofen-loaded ultrathin UHAPNWs can be
further interwoven into flexible and porous bio-paper, and it can continuously release the
drug in phosphate-buffered saline, which is promising for various biomedical applications
such as inflammatory treatment and accelerated tissue regeneration. In future research, the
in vitro/in vivo biocompatibility of the as-prepared ultrathin UHAPNWSs as drug nanocar-
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riers should be investigated. Moreover, experiments can be performed to load other drugs
in the ultrathin UHAPNWSs drug nanocarriers for a variety of biomedical applications.
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Abstract: This article presents a new method for preparing multifunctional composite biomaterials
with applications in advanced biomedical fields. The biomaterials consist of dicalcium phosphate
(DCPD) and bioactive silicate glasses (SiO, /NayO and SiO, /K;0), containing the antibiotic strep-
tomycin sulfate. Materials were deeply characterized by X-ray diffraction and attenuated total
reflectance Fourier transform infrared spectroscopy, and zeta potential analysis, UV-visible spec-
trophotometry, and ion-exchange measurement were applied in a simulating body fluid (SBF) solution.
The main results include an in situ chemical transformation of dicalcium phosphate into an apatitic
phase under the influence of silicate solutions and the incorporation of the antibiotic. The zeta poten-
tial showed a decrease in surface charge from ( = —24.6 mV to ( = —16.5 mV. In addition, a controlled
and prolonged release of antibiotics was observed over a period of 37 days, with a released concen-
tration of up to 755 ppm. Toxicity tests in mice demonstrated good tolerance of the biomaterials, with
no significant adverse effects. Moreover, these biomaterials have shown potent antibacterial activity
against various bacterial strains, including Listeria monocytogenes, Staphylococcus aureus, Escherichia
coli, and Pseudomonas aeruginosa, suggesting their potential use in tissue engineering, drug delivery,
and orthopedic and dental implants. By integrating the antibiotic into the biomaterial composites,
we achieved controlled release and prolonged antibacterial efficacy. This research contributes to
advancing biomaterials by exploring innovative synthetic routes and showcasing their promise in
regenerative medicine and controlled drug delivery.

Keywords: antimicrobial; biomaterials; co-precipitation; drugs; hydroxyapatite; multifunctional

1. Introduction

The restoration of bone defects has been a central concern in regenerative medicine,
captivating the attention of many researchers for years. Various studies have been carried
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out to develop biomaterials for clinical applications [1,2]. These biomaterials must be
bioactive and composed of polymers, whether synthetic or natural, ceramics, or metals [3,4].

Among them, hydroxyapatite (HAp), a calcium phosphate, is widely recognized for its
excellent compatibility with bone tissue due to its similarity to natural bone minerals [5,6].

HAp is valued for its ability to adjust its crystallinity and microstructure to meet
specific needs, thanks to its biodegradable properties and biocompatibility, ensuring that
it is non-toxic, non-inflammatory, and enhances the immune response [5,7]. However,
HAp can present certain limitations, particularly in terms of mechanical and chemical
properties. Traditional synthesis methods require extremely high purity [8,9], which can
result in the loss of crucial elements such as sodium, silicon, and potassium, essential for
bone growth and biological functions [10-12]. In contrast, brushite (dicalcium phosphate
dihydrate, DCPD) is metastable under physiological conditions and resorbs faster than
apatitic cements, while having the ability to transform into hydroxyapatite in vivo [13,14].

This study proposes a new approach by developing “HAp /bio-glass” biocomposites
by precipitating HAp in silicate solutions based on the hydrolysis of dicalcium phosphate
dihydrate. This process aims to strengthen interactions between the final phases of com-
posite biomaterials, create a favorable chemical environment for the deposition of apatitic
particles, and promote synergy between biocomposite components. This method also
enables the material to be consolidated at low temperatures, facilitating the integration of
active ingredients, unlike conventional bioceramics which require sintering at very high
temperatures [15-17].

Research on sustained-release delivery systems plays a key role in the mitigation
of antibiotic resistance. In the context of anti-infective treatments, which often require
prolonged treatment durations, adequate exposure to antibiotics is essential for the eradica-
tion of microorganisms [18]. However, patient compliance remains a challenge. Patients
often discontinue treatment once they feel better, contributing inadvertently to incomplete
antibiotic treatment [19]. This incomplete treatment can exacerbate the development of
antibiotic resistance. In addition, many antibiotics have a short half-life, requiring fre-
quent administration. To solve these problems, adaptable drug delivery systems have
emerged [18,19]. These innovative systems not only overcome biological barriers, but also
ensure precise, prolonged and controlled drug release at the target site. Furthermore, they
have the ability to incorporate multiple drugs in the same delivery vehicle.

One of the greatest challenges facing contemporary medicine in the treatment of
chronic diseases such as osteomyelitis and osteoporosis is antibiotic resistance and the
control of drug release [20,21]. A major effort has been made by specialists to develop
materials capable of releasing drugs precisely and with reproducible and predictable
kinetics. Although most of these drug carriers are polymers, certain inorganic materials
can also play an important role.

The aim of this integrated approach is to deepen our understanding of the properties
and performance of multifunctional biocomposites, with a view to exploring their poten-
tial applications in medicine. Various strategies have been investigated for combining
antibiotics with phosphocalcic materials to extend the release period, with the aim of
optimizing integration methods to regulate the release rate. This study will address several
key steps, from the synthesis of the composite biomaterial to the analysis of its drug release,
as well as structural and surface characterization, and will conclude with the exploration
of its antibacterial efficacy, thus fostering a deeper understanding of the multifunctional
biocomposite and its potential biomedical applications.

2. Results and Discussion
2.1. Characterization of Multifunctional Composite Biomaterials
2.1.1. Characterization by X-ray Diffraction

X-ray diffraction characterization of the engineered biomaterials was carried out on
DCPD samples synthesized using the double decomposition method, which had previ-
ously been chosen at the start of this study, in the presence of bio-glasses (5O, /Na,O
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and SiO;,/K,0), followed by consolidation. The X-ray diffraction pattern is shown in
Figures 1 and 2, where it can be seen that in both the SiO, /Na,O and SiO, /K;O bio-glass
cases, dicalcium phosphate evolves in situ towards a poorly crystallized apatitic phase.

J N A DCPD

DCPD-K-M

10 20 3I0 26(°)

40

50

60

Figure 1. Diffractograms of DCPD-K and DCPD-K-M composite biomaterials, HAp, and DCPD.
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Figure 2. Diffractograms of DCPD-Na and DCPD-Na-M composite biomaterials, HAp, and DCPD.
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Combining the XRD diagrams of the composite biomaterials after the drug has been
introduced into the different silicate solutions, for the DCPD/SiO,-Na,O and DCPD/SiO,-
NayO/cured antibiotic composite biomaterials (Figure 1), we see an in situ chemical
transformation towards the apatitic phase. The diffractograms reveal broad peaks at
20 =26.42° and 20 = 32°, characteristic of the apatitic phase, in both cases, whether in the
absence of antibiotic (DCPD-K) or in its presence (DCPD-K-M). For the cured DCPD-Na
and DCPD-Na-M biocomposites (Figure 2), their XRD spectra clearly demonstrate in situ
chemical transformation towards a poorly crystallized apatitic phase.

The results of X-ray diffraction analysis highlight the importance of the chemical con-
ditions imposed by silicate media, in particular pH conditions, on the nature of composite
biomaterials. Similarly, the nature of the cations (Na+ and K+) plays a significant role in
the in situ chemical evolution of dicalcium phosphate towards the apatitic phase in the
presence or absence of the antibiotic.

2.1.2. Characterization by Infrared Spectroscopy

In this study, we explored the characteristics of HAp/bio-glass composite biomaterials,
incorporating the antibiotic streptomycin sulfate, using infrared spectroscopy analysis
(Figures 3 and 4). Our main objective was to understand how the various dicalcium
phosphate groups evolve in situ in the presence of various silicate solutions, and the impact
of the presence or absence of antibiotics.

DCPD

DCPD-Na

DCPD-Na

' I ' I ' I ' I ' I ' I ' I
4000 3500 3000 2500 2000 , 1500 1000 500
Wavenumber (cm™)

Figure 3. IR spectra of DCPD-Na and DCPD-Na-M composites, antibiotic M, HAp, and DCPD.
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Figure 4. IR spectra of DCPD-K and DCPD-K-M composites, antibiotic M, HAp, and DCPD.

The infrared absorption spectra depicted in Figures 3 and 4 illustrate the in situ
evolution of brushite towards an apatitic phase. This transformation occurs in the absence
of antibiotics but in the presence of various silicate solutions. Analyzing these FTIR
spectra reveals several key features: First, the characteristic DCPD bands between v
=550 cm ™! and v = 1500 cm ! vanish. Second, the band width increases between v
= 1200 cm~! and v =700 cm~!. Third, HAp bands emerge [22]. These results clearly
indicate an in situ chemical conversion of DCPD to an apatitic phase in the presence of
Si0;/NapO and SiO, /KO bio-glasses. These findings align with previous observations
from X-ray diffraction, confirming the formation of HAp/SiO, /Na,O and HAp /SiO, /K20
composite biomaterials.

With regard to the specific DCPD-Na composite biomaterial, whether or not asso-
ciated with streptomycin sulfate (Figures 3 and 4), several important observations were
made: (i) the shift of the band at 3151 to 3143 cm ™!, associated with elongations of the
O-H bond in hydroxyapatite, suggests changes in the chemical environment of the hy-
droxyl groups [23], (ii) the presence of C-H group vibrations at 3100 cm ™! confirms the
incorporation of these groups into the HAp/SiO, /NayO structure, and (iii) the appearance
of the band at 1679 cm ™!, corresponding to the stretching vibrations of the amide group
(—C=0O—NH-) present in streptomycin sulfate, confirms the presence of this antibiotic in
the composite biomaterial.

Other band shifts, notably at 1648, 1340, 1213, and 871 cm™ !, as well as bands at
525, 553, and 597 cm ™}, correspond to vibrations characteristic of the carbonate ions
(CO3%7) [24,25] introduced into the apatite structure and the phosphate ions (PO43~) of
apatite [26].
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These observations clearly demonstrate the complex interactions between bio-glass,
apatite, and streptomycin sulfate, confirming changes in the chemical environment of
these compounds and validating the formation of the HAp/SiO;/Na;O-M composite
biomaterial.

The infrared spectra of the DCPD-K and DCPD-K-M composite biomaterials (Figures 3
and 4) also reveal a chemical transformation of the DCPD phase in situ towards an apatitic
phase in both cases. Furthermore, the observation of absorption bands between 1250 and
750 cm !, as well as the appearance of bands associated with antibiotic and apatite in the
interval between 3700 and 2500 cm ™!, confirms the formation of the HAp/SiO, /K,0O-M
composite biomaterial, implying the combined presence of apatite, silicate, and antibiotic.

2.2. Study of Biomaterial Surface Charges

Zeta potential, an important measurement in materials science and surface chemistry,
is used to assess the surface charge of composite biomaterials. In our study, the surfaces
of the biomaterials are negatively charged (Table 1). We observed a significant difference
between the zeta potential of the phosphate/bio-glass composite biomaterial and that of
the two/bio-glass-M composite biomaterials.

Table 1. Zeta potentials of engineered composite biomaterials.

Charged Particle
Composite Average Zeta Distribution Peak Electron Mobility
Biomaterial Potential ¢ [mV] [mV] [um X e¢m/Vs]

DCPD —26.6 —24.0 —2.076
DCPD-Na —239 —0.0202 —1.8658
DCPD-Na-M —19.7 —0.0158 —1.5318
DCPD-K —24.6 —-19.5 —1.9183
DCPD-K-M —-16.5 —0.0125 —1.2847

In contrast, other analytical techniques, such as IR spectroscopy and X-ray diffraction
(XRD) of DCPD-Na and DCPD-K composites, show an in situ evolution towards an
apatite phase. This transition to an apatite phase leads to the formation of agglomerates,
highlighted by zeta potential values. This conclusion is reinforced by our preceding results.

After insertion of the antibiotic, values of zeta potentials decreased in the case of
DCPD-Na composite biomaterials (¢ = —23.9 mV) compared to the presence of the antibiotic
(DCPD-Na-M, ¢ = —19.7 mV). Similarly, for DCPD-K composite biomaterials, the values of
zeta potentials decreased from { = —24.6 mV to { = —16.5 mV (DCPD-K-M). This could
be attributed to interactions between the biomaterials and the antibiotic, as well as to the
formation of particles with a greater tendency to agglomerate due to the presence of the
antibiotic [27,28].

2.3. Antibiotic Release Into SBF Solution

To monitor the kinetics of antibiotic release from the composite (Figure 5), we used
a UV-visible spectrophotometer. This method enabled us to assess the concentration of
the antibiotic in the SBF solution. These measurements were obtained using a calibration
curve correlating the absorbance at 203 nm, derived from the UV-visible spectrum, with
the concentration of the antibiotic “streptomycin sulfate” in ppm.

It is noticeable that after three days of incubation at 37 °C, the DCPD-Na-M composite
biomaterial (326 ppm) rapidly releases more antibiotic than the DCPD-K-M composite
biomaterial (244 ppm). Both DCPD-Na-M and DCPD-K-M biocomposites have the advan-
tage of trapping the antibiotic within the apatite formed in situ, which is characterized
by the presence of tunnels. In addition, electrostatic interactions between the antibiotic
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and the apatite are formed, reinforced by the presence of silicate in the form of bio-glass
surrounding the apatite.
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Figure 5. Kinetics of streptomycin sulfate release from the DCPD-Na-M and DCPD-K-M compos-
ite biomaterials.

The DCPD-K-M composite releases less antibiotic due to the presence of potassium
silicate, compared to the DCPD-Na-M composite. This difference could be explained by the
difference in ionic radii between potassium and sodium. On the other hand, the controlled
long-term release may be attributed to in situ precipitation of hydroxyapatite in the presence
of silicate solutions, which could further promote phosphate/bio-glass interactions and
synergy between the constituents of the phosphate /bio-glass/antibiotic composite.

2.4. Ion Exchange with SBF Medium

The use of ICP-AES enables highly sensitive measurements to be carried out, and
precise data to be obtained (sensitivity of approximately 1 ppm, depending on the matrix
analyzed). This technique can be used to determine the ion exchange between composite
biomaterials and the SBF solution. The measurements were carried out on the SBF solution
used during the immersions. The results show variations in the concentration of the
following elements: silicon, calcium, potassium, and sodium (Figure 6). Silicon content is
an indicator of bio-glass dissolution, while calcium content is an indicator of phosphocalcic
exchange, leading to the formation of an apatitic layer favored by favorable pH conditions.

In addition, the rapid release of sodium ions (Figure 7) and potassium ions can be
observed over the course of 15 days, caused by the dissolution of the silicate phase present
in the composite biomaterial. The increase in silicon concentration is attributed to the loss
of SiO4*~ tetrahedral units from the material surface and the formation of silanol (Si-OH)
groups. Overall, the rapid dissolution rate observed can be directly attributed to the high
amount of sodium strongly disrupting Si-O-5i connectivity in the bio-glass network, thus
reducing its integrity and leading to a higher and more constant dissolution rate [4].
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Figure 6. Concentrations of the elements Ca, Na, and Si released by the DCPD-Na-M compos-
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The results show the following concentration variations: calcium concentration de-
creases over time, while silicon concentration increases due to dissolution of the glass
surface over the first 21 days, followed by significant stabilization.

These results are due to the dissolution of the glass in contact with the SBF solution,
the formation of a silica gel layer, and finally the formation of a calcium phosphate crystal.
This mechanism can be summarized in three successive phases: dissolution of the glass
matrix, formation of silica gel, and precipitation of calcium phosphate with an apatitic
structure. Based on the results obtained, we can emphasize that this new composite support
could be a promising bone substitute due to its bioactivity and dissolution capacity.

2.5. Element Distribution on the Surface of Composite Biomaterials

Scanning electron microscopy reveals significant changes in the biomaterials after 37
days immersion in the SBF solution. Typical needle-shaped apatite crystals and large blocky
sodium silicate gel formations surrounding small crystals are observed in all composite
biomaterials, confirming the formation of interpenetrating matrices where the polymerized
gel fills the pores of the composite biomaterial.

In the case of the DCPD-Na-M composite biomaterial (Figure 8A), an increased
porosity is observed compared to the biomaterial before immersion in the SBF solution
(Figure 8B). This observation can be attributed to the dissolution of the biocomposite
constituents in the SBF solution, including the antibiotic. Similarly, for the DCPD-K-M
composite biomaterial (Figure 8C), porosity became greater compared to the biomaterial
before immersion in the SBF solution (Figure 8D). This increase in porosity can also be
attributed to ionic and molecular exchange with the SBF solution [29].

Figure 8. SEM images of composite biomaterials before immersion in SBF (DCPD-Na-M (A), DCPD-
K-M (C€)) and after immersion in SBF (37 days) (DCPD-Na-M (B), DCPD-K-M (D)).
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Scanning electron microscopy thus highlights the structural changes in biomaterials
after immersion in the SBF solution. Mapping clearly reveals the distribution of elements
on the surface of composite biomaterials after 37 days of immersion in the SBF solution.
The signal intensity of each ion is reflected in the intensity of each image. As illustrated
in Figures 9 and 10, the elements calcium (Ca), phosphorus (P), sodium (Na), oxygen (O),
silicon (5i), potassium (K), chlorine (Cl), carbon (C) and magnesium (Mg) are represented
by different colors on the distribution maps. The distribution of the composite biomaterial
particles was found to be homogeneous.

ojmmmm ¢ Ca K| o 16/ C K| o —

0_17

Figure 9. Mapping of DCPD-K-M composite biomaterial after 37 days immersion in SBF solution.
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Figure 10. Mapping of DCPD-Na-M composite biomaterial after 37 days immersion in SBF solution.

The results highlight ionic exchange between the SBF solution and the composites,
characterized by the appearance of the elements chlorine (Cl), magnesium (Mg), and sodium
(Na) in the DCPD-K-M biocomposite and potassium (K) in the DCPD-Na-M biocomposites.

2.6. Toxicity Study

To ensure the suitability of developed biomaterials for applications involving human
contact, it is essential to verify that they exhibit no signs of toxicity or adverse health effects.
Conducting toxicity tests on these biomaterials is crucial in this regard, as it helps assess
any potential harmful or toxic effects they may have on living organisms. These toxicity
assays help determine whether the biomaterials can induce adverse reactions such as skin
irritation, allergic responses, hormonal disruptions, or other health complications.

In order to assess the toxicity of our composite biomaterial, a series of rigorous
experiments were conducted involving three groups (G1, G2, and G3) of albino mice to
which different doses of the biomaterial were administered. The doses were meticulously
selected within a range of 5 mg/kg (G1), 10 mg/kg (G2), and 15 mg/kg (G3) to allow for
precise observation of potential effects over a 15-day period. This duration was deemed
adequate to detect any signs of short-term toxicity. The results obtained are promising, as no
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mortality or significant weight changes were observed in the treated mice during the course
of the experiment. This finding is particularly significant as it suggests a favorable tolerance
of the composite biomaterial by the mice, thereby reinforcing its potential viability for
future applications. Furthermore, the absence of any notable adverse effects, as well as the
stability of the mice’s behavior throughout the experiment, also indicate the acceptability
of the composite biomaterial by the animals. These observations are crucial for evaluating
the safety and suitability of the biomaterial, not only from a toxicological standpoint but
also in terms of practical applicability.

2.7. Antibacterial Activity

A comparative study of the activity of the DCPD-Na and DCPD-K composite bioma-
terials in the presence and absence of medication after a 37-day release was conducted
on four different bacterial strains: Listeria monocytogenes, Staphylococcus aureus, Escherichia
coli, and Pseudomonas aeruginosa. Table 2 revealed that both medication-free biomaterials
showed no antibacterial activity. However, in the case of the DCPD-Na-M biocomposite,
inhibition zones of 10.1, 10.1, 10.5, and 9.5 mm were measured, respectively, against L.
monocytogenes, S. aureus, E. coli, and P. aeruginosa, indicating medication release. Similarly,
antibacterial tests of DCPD-K-M showed inhibition zones of 8.5, 8.5, 12.1, and 8.1 mm,
respectively, against L. monocytogenes, S. aureus, E. coli, and P. aeruginosa. These results
suggest that the prolonged release of medication from the composite biomaterials leads to
effective antibacterial activity.

Table 2. Inhibition diameter (mm) of composite biomaterial tested four bacterial strains.

DCPD-Na DCPD-K DCPD-Na-M DCPD-K-M Cycloheximide DMSO
Escherichia coli ND * ND 10.5 £ 0.1 121 £0.3 31+0.1 ND
Pseudomonas aeruginosa ND ND 95+0.1 81+0.1 21£02 ND
Staphylococcus aureus ND ND 10.1£0.2 85+0.1 30.7+0.3 ND
Listeria monocytogenes ND ND 101 £0.3 85+0.2 30.3+0.2 ND

* Not determined.

This sustained antibiotic release from the composite biomaterials offers potential
benefits in medical applications, particularly in the field of bone surgery. Indeed, it may
help prevent post-operative infections by providing continuous antibacterial protection
over an extended period, thereby reducing the risk of complications and improving clinical
outcomes for patients. Unlike antibiotics administered alone, which are rapidly eliminated
by the body.

3. Materials and Methods
3.1. Materials

The reagents used in this study are calcium nitrate tetrahydrate Ca(NO3), 4H,O (99%),
ammonium hydrogen phosphate (NH4),HPO,4 (99%), high-purity SiO, grade, Davisil
Grade 633, NaOH pellets, and KOH pellets. They were all purchased from Sigma-Aldrich,
Saint-Quentin-Fallavier, France, and were used without further purification.

3.2. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

ATR-FTIR was used to evaluate the formation of composite biomaterials. The spectra
were obtained using a FT/IR-4700 spectrometer (JASCO International Ltd., Tokyo, Japan).
The spectral range was 400-4000 cm !, and each spectrum was an average of 32 scans at a
resolution of 4 cm~!. A background check was performed before each analysis.

3.3. UV-Visible Spectrophotometry

The analysis of antibiotic concentration in the museum study was carried out by
UV-visible spectrophotometry, using a high-performance dual-beam spectrophotometer,
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the Shimadzu UV-1900 I PC spectrometer manufactured by Shimadzu Duisburg, Germany.
This spectrometer covers a spectral range from 190 to 1100 nm.

3.4. X-ray Diffraction Analysis (XRD)

To study the crystal structure of the scaffolds and confirm the formation of HAp
particles in situ, XRD was performed using the Panalytical X'Pert Pro instrument (Malvern
Panalytical GmbH, Kassel, Germany) with a Cu Ko X-ray source at 40 kV and 30 mA, and
a scan speed of 2°/min.

3.5. Scanning Electron Microscopy (SEM) with Energy-Dispersive X-ray Spectroscopy (EDX)

SEM images were obtained using a Thermo ScientificTM Quattro ESEM (ThermoFisher
Scientific, Paisley, UK) at an accelerating voltage of 15 kV. The films were sputter coated
with gold before imaging to improve the electron beam conductivity. EDX spectra were
acquired using an attached detector on the same instrument.

3.6. Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES)

ICP analyses were performed using a Horiba Jobin Yvon Ultima 2 ICP-AES spectrom-
eter equipped with a temperature-controlled optical system comprising two back-to-back
4343 tr/mm and 2400 tr/mm gratings covering the spectral range from 120 to 800 nm, with
nitrogen scanning. The detection system consists of two photomultipliers.

3.7. Zeta Potential

The zeta potential of biomaterial particles was measured using the Anton Paar Lite-
sizer 500 instrument at 25°. Zeta potential values were obtained automatically using the
instrument’s software, Kalliope version 2.22.2, which converts the measured electrophoretic
mobility into zeta potential in order to evaluate variations in the latter for particles of the
materials processed.

3.8. Preparation of Antibiotic-Loaded Composite Biomaterials
3.8.1. Synthesis of Dicalcium Phosphate by the Double Decomposition Method

The double decomposition method is often used to obtain a solid precipitate from
two clear reactive solutions. It is based on the reaction of two salts dissolved in separate
solutions, which exchange ions to form an insoluble precipitate.

In this case, a two-stage synthesis process is used. In the first stage, two solutions, (A)
and (B), are prepared and used as reagents. A certain mass of diammonium phosphate is
dissolved in distilled water to obtain phosphate solution (A). At the same time, one mass
of calcium nitrate is dissolved in one volume of distilled water to obtain calcium solution
(B). Both solutions are stirred until they are completely clear. Once the two solutions have
been prepared, they are mixed, and the reaction medium is left to stir for 15 min. Then,
stop stirring and leave the solution to mature for 2 h. The reaction is as follows:

H0
(NH4):HPOs + Ca(NO3)24H20 ———  » CaHPO4.2H:0 + 2NHiNO:s @
After ripening, the resulting dicalcium phosphate is filtered and dried overnight at
40 °C.

3.8.2. Synthesis of Sodium Silicate and Potassium Silicate Solutions

Silicate solutions are generally presented as a dispersion of colloidal silica species in
an alkaline aqueous solution. In this study, we focused on a concentrated sodium silicate or
potassium silicate solution with a low molar ratio (5i0,/NayO =1 or 5iO, /K0 = 1) due to
the high reactivity of their non-condensed silica species.

For this purpose, a solution of sodium silicate or potassium silicate (NaySiO3, H,O or
K,Si0O3, H,O) with a molar ratio of 1 was prepared at 90 °C. Pure NaOH (or pure KOH)
pellets were dissolved in deionized water, and then an appropriate amount of commercial

33



Molecules 2024, 29, 3483

silica gel was added. This yielded a liquid glass containing 25% SiO, by weight, 25% NayO
(or 25% K,0) and 50% water, with a pH of approximately 12. The resulting solution was
aged for a short period to ensure the stability of the final state.

3.8.3. Synthesis of Antibiotic-Loaded Composite Biomaterials

The active ingredients are introduced into the initial composition of the dicalcium
phosphate/bio-glass solution, undergoing in situ evolution towards the apatite phase,
according to the following process:

A solution (A) is prepared by dissolving a precise quantity of drug powder in the
corresponding silicate solution. The dicalcium phosphate powder is then gradually added
to the solution, paying particular attention to homogenizing the mixture. Solution (A)
contains a 1% concentration of the bioactive molecule. The paste is then placed in an
airtight container in a humid atmosphere and cured in an oven at 37 °C. The biomaterials
synthesized are listed in Table 3.

Table 3. Prepared composite biomaterials.

Composite Si0,/M,0 Antibiotic 1%
DCPD-Na Si0,/Na,O 0%
DCPD-K Si0, /K,0 0%
DCPD-Na-M * SiO, /Na,O 1%
DCPD-K-M * Si0,/K,0 1%

* M refers to streptomycin sulfate.

3.8.4. Study of the Release of Active Ingredients from Engineered Composite Biomaterials

The ability to exchange ions with the immersion medium is crucial in assessing a
biomaterial’s ability to promote bonding with living tissue. In vitro tests are therefore
carried out to assess this ability. These tests involve immersing samples in a synthetic
physiological liquid, SBF (simulated body fluid), whose ionic composition is designed to be
similar to that of human blood plasma [30]. SBF is adjusted to a pH of 7.4. Table 4 compares
the ionic concentrations of SBF with those of human blood plasma.

Table 4. Ionic concentrations of SBF and human blood plasma in mM [30].

Ions (mM) Na* K* Mg2* Ca%* Cl- HCO3- HPO42~ S042-
SBF 142.0 5.0 15 2.5 147.8 42 1.0 0.5
Plasma 142.0 5.0 15 2.5 103.0 27.0 1.0 0.5

The multifunctional composite biomaterials studied are mainly in the form of cylin-
drical blocks measuring 16.5 mm in diameter by 5 mm in height (Figure 11). This specific
configuration was chosen to enable a precise evaluation of the bioactivity kinetics of the
various composite biomaterials produced at different points in time.

For in vitro testing, the blocks were placed in hermetically sealed vials and then
immersed in 60 mL of SBF. The temperature was maintained at 37 °C under controlled
stirring in incubators. The immersion times chosen for the cylinder studies were 5, 7, 14, 21,
and 37 days.

After immersion, the cylinders were immersed in SBF solution. These solutions were
then analyzed by UV-visible spectroscopy to monitor the variation in drug concentra-
tion over time in the SBF solution. We also monitored ion exchange by ICP-AES and
observed possible surface modifications by scanning electron microscopy and possible
surface mapping of chemical element distribution in blocks after antibiotic release into the
SBF solution.
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Figure 11. Shaping the sample before immersion in SBE.

3.9. Test In Vitro
3.9.1. Antibacterial Activity

The in vitro evaluation of antibacterial activity was conducted with two strains of
Gram-negative bacteria (Escherichia coli ATCC 10536 and Pseudomonas aeruginosa ATCC
49189) and two strains of Gram-positive bacteria (Listeria monocytogenes ATCC 12117 and
Staphylococcus aureus ATCC 6538), obtained from the Laboratory of Bioresources, Biotech-
nologies, Ethnopharmacology, and Health (LBBEH), Faculty of Sciences, Oujda. The
bacteria were cultured in Muller-Hinton broth (MHB; BIOKAR, Beauvais, France) [31].

For each bacterial strain, 1 mL of liquid bacterial suspension was added to 9 mL of
MHB and incubated at 37 °C for 24 h until the microbial suspension reached the exponential
growth phase. Bacterial cultures were adjusted to 0.5 McFarland’s standard to achieve a
concentration of 1.5 x 108 CFU/mL.

The antibacterial activity was evaluated using the well method. This involved punch-
ing Muller-Hinton agar (MHA) inoculated with the test bacteria (100 uL) to create wells,
which were then filled with 60 pL of extract. Negative controls were performed using
dimethyl sulfoxide (DMSO), and positive controls were performed using gentamicin.

Cultures were incubated for 18 h at 37 °C after a 30 min pre-diffusion at room tem-
perature [32]. The zone of inhibition around the well was measured in mm using a sliding
caliper after incubation.

3.9.2. Toxicity Tests

Swiss albinos were maintained at a temperature of 25 °C with a relative humidity
of 45-50% on a 12 h light/dark cycle, with free access to food and water. Prior to the
experiments, mice were compared in terms of body weight (between 35 and 30 g). All
animals were treated in full compliance with internationally recognized standards for the
care and use of laboratory animals, as published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1985).

An initial group of 16 mice was divided into 4 groups of 4 (comprising 2 males and
2 females). The first group served as a control, receiving distilled water. The other three
groups were treated with increasing doses of the product. The doses administered were
selected on the basis of the maximum volume that could be administered orally. For
chemical toxicity studies, doses should be between 5 and 5000 mg/kg.

4. Conclusions

In our study, we explored a novel approach to the synthesis of multifunctional com-
posite biomaterials. This consolidation method, based on controlled in situ dissolution and
precipitation, enabled the creation of complex biocomposites with remarkable properties.
We characterized these biomaterials using a variety of techniques, including infrared spec-
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troscopy, X-ray diffraction, scanning electron microscopy, and zeta potential analysis. These
analyses revealed chemical transformations, surface changes, and complex interactions
between the composites” constituent elements. Toxicity tests showed good acceptability.
In vitro tests revealed the ability of these biomaterials to exchange ions and active ingre-
dients with a medium simulating body fluid, demonstrating their potential bioactivity.
In addition, antibiotic release kinetics were studied, revealing significant differences be-
tween composites in terms of antibiotic release and retention. Finally, our experiments
demonstrated the antibacterial efficacy of these composites, paving the way for promising
applications in the biomedical field. By incorporating the antibiotic into the biomaterial
composites, we were able to control its release and prolong its antibacterial activity over
time, enabling the development of biocomposites capable of simultaneously playing an os-
teogenerative role and releasing active ingredients in a continuous and prolonged manner
for medical purposes. This research contributes to the advancement of biomaterials by ex-
ploring new synthetic routes and demonstrating their potential in the fields of regenerative
medicine and controlled drug release. Future studies will further develop these results and
explore the practical applications of these innovative biomaterials.
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Abstract: The present work deals with the sol-gel synthesis of silica—poly (vinylpyrrolidone) hybrid
materials. The nanohybrids (Si-PVP) have been prepared using an acidic catalyst at ambient tempera-
ture. Tetramethyl ortosilane (TMOS) was used as a silica precursor. Poly (vinylpyrrolidone) (PVP)
was introduced into the reaction mixture as a solution in ethanol with a concentration of 20%. The
XRD established that the as-prepared material is amorphous. The IR and 2Si MAS NMR spectra
proved the formation of a polymerized silica network as well as the hydrogen bonding interactions
between the silica matrix and OH hydrogens of the silanol groups. The TEM showed spherical parti-
cle formation along with increased agglomeration tendency. The efficacy of SiO, /PVP nanoparticles
as a potential antimicrobial agent against a wide range of bacteria was evaluated as bacteriostatic,
using agar diffusion and spot tests. Combined effects of hybrid nanomaterial and antibiotics could
significantly reduce the bactericidal concentrations of both the antibiotic and the particles, and they
could also eliminate the antibiotic resistance of the pathogen. The registered prooxidant activity of the
newly synthesized material was confirmative and explicatory for the antibacterial properties of the
tested substance and its synergetic combination with antibiotics. The effect of new hybrid material
on Crustacea Daphnia magna was also estimated as harmless under concentration of 0.1 mg/mL.

Keywords: sol-gel; silica hybrids; antibacterial properties; ROS; prooxidant activity; Daphnia magna

1. Introduction

A wide range of materials, such as thin films, particles, or aerogels with numerous
possible uses, can be produced using sol-gel chemistry [1]. Nowadays, this process is
still being developed and it is used in many different industries to produce sophisticated
materials, biomaterials, sensors, smart coatings, and optical devices [2]. The synthesis of
organic—inorganic hybrids has been facilitated by the sol-gel method over the past three
decades. Its key advantages over alternative methods include low processing temperature
and pressure, adaptability, and flexibility [3]. It has been shown that the properties of the
hybrid materials include a synergy at the nanometer level with the properties of the starting
materials, making these materials appropriate for future technological applications [4]. For
this reason, they are usually considered to be innovative advanced materials, with promis-
ing applications in many fields, such as optics, biology, mechanics, sensors, electronics,
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and coatings [5]. Hybrid properties strongly depend on the nature and strength of the
interactions between the organic and inorganic components [6]. The bioactivity of sol-gel
hybrids was found to be higher than that of materials obtained by other methods [7]. The
presence of -OH groups on their surface is responsible for their bioactivities.

A large group of sol-gel materials is based on silicon alkoxides, e.g., tetramethoxysi-
lane (Si(OCH3)4) or tetraethoxysilane (Si(OC,Hs)y4). Applying appropriate conditions such
as precursor /solvent ratio, precursor/water ratio, and catalyst (pH) leads to the formation
of a gel composed of a silica network [8-10]. These gels are highly desirable for a variety of
applications due to their low density, low thermal conductivity, low dielectric constant, and
high specific area [11-13]. It has to be noted that native silica aerogels are very brittle, which
limits their applications. However, several methods used to strengthen their structure have
already been developed, and others are still in the works [14]. These include the gels” aging
process, the use of silica precursors to increase the network’s flexibility, and the addition of
polymers to silica aerogel networks [1]. Applying the sol-gel processes, silicon alkoxides
are also used for the synthesis of hybrid materials which are organic-inorganic ones. The
creation of hybrids, which combine the advantageous aspects of inorganic and organic
materials, was aided by developments in materials science. The inorganic phase in the
hybrids can change the mechanical and thermal properties of pure organic materials and
vice versa. Additionally, hybrid materials exhibit new functionalities such as magnetic
and electric properties, increased adsorption, or better structural properties [15,16]. In
the past, researchers proposed that the characteristics of the resulting hybrid material are
significantly influenced by the ratio of the applied polymer, metal alcoholate, water, and
catalysts [17]. The silica-based sol-gel functional products are generally based on polymers.
Polyvinylpyrrolidone (PVP) is a macromolecular compound which is often used for the sol-
gel production of silica hybrids and the first primary results have been reported by several
authors [18,19]. Among polymers, PVP is a preferable compound due to its solubility in
water and organic solutions, low toxicity, and high physiological compatibility. Its excellent
qualities make it widespread, especially in the fields of medicine, foods, cosmetics, and
other areas relevant to human health [20].

The synthesis of alternative materials is a highly favored strategy due to the outbreak
of infectious diseases and antibiotic resistance [21,22]. Since the discovery of penicillin,
-lactam antibiotics have been widely used as antibacterial agents because of their broad
spectrum of activity and low toxicity. However, the overuse of antibiotics has led to bac-
teria adapting by developing resistance. Due to this fact, pharmaceutical companies and
researchers have devoted efforts to find compounds that do not cause such resistance in
bacteria. The strategies adopted so far are not particularly effective and new alternatives
are being explored to prevent bacterial resistance [23,24]. And this is where nanomaterials
come in. They are used as antimicrobial agents due to their unique physical and chemical
properties [25]. Considering the growing problem of bacterial resistance to antibiotics,
nanoparticle-based antimicrobial agents are expected to provide alternatives to conven-
tional antibiotics and biocidal chemicals. Due to their toxic properties, metal-containing
nanocomposites are good candidates for new antimicrobial products for consumers and pa-
tient care [26]. A great potential in nanomedicine has been discovered in the past decade due
to the effectiveness of various nanoconjugates against pathogenic microbes. One approach
to counter bacterial drug resistance is the application of metal composites, especially at the
nanoscale, to control bacterial infections [27]. Several enzymes and mutations in genetic
sequences can impede multidrug resistance mechanisms by altering drug efflux from cells,
thereby reducing bacterial vulnerability to antibacterial agents [28,29]. Therefore, scientists
are developing new ways to control resistant pathogens. Advances in nanotechnology
have prompted microbiologists to apply metal nanoparticles as an effective way to control
certain pathogenic microbes involved in infectious diseases [30,31]. The combination of
antibiotics and metal nanoparticles can enhance the efficacy of antibiotics against resistant
pathogens. Furthermore, nanoparticle-antibiotic conjugates reduce the amount of both
agents in the dose, which reduces toxicity and increases antimicrobial properties [32,33].
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These conjugates can be very effective against resistant bacteria. Furthermore, due to this
conjugation, antibiotic concentrations are decreased at the site of antibiotic-bacteria contact,
and thus the association between microorganisms and antibiotics is accelerated [22,33,34].

The generation of reactive oxygen species (ROS) is an important biomarker about the
redox properties of substances. By following the kinetics of the generation of free radicals
and ROS, the properties of newly synthesized materials and their effects on the cascade of
reactions causing the formation and accumulation of antibacterial free radicals and ROS
can be evaluated [35,36]. Chemiluminescence analysis is a rapid and sensitive method for
such studies. It is applied to follow the dynamics of free radical and ROS generation and
to determine the prooxidant/antioxidant activity of various materials. The responses are
recorded in the range of 480-580 nm and can be used to estimate the quantum yield [37,38].

Daphnia are a fundamental ecological species utilized for various biological applica-
tions including acute and chronic (eco)toxicology assessment and in fundamental research
on ecology, genetics, and evolution. Due to their position in the food chain, and their filter-
feeding capabilities, they are exposed to everything in their environment. Scientific data on
D. magna related to immobilization, lethality, reproductive, behavioral, physiological and
biochemical parameters used in the toxicity assessment of pharmaceuticals were presented
by Tkaczyk et al. [39]. They demonstrated the role of these invertebrate model organisms
for evaluating the toxicity of different therapeutic classes of pharmaceuticals. The grow-
ing need for environmental protection has led to the development of alternative biofuels.
Hubai et al. [40] conducted studies related to their ecotoxicity by conducting an acute
immobilization test on Daphnia magna. The toxic effect of CeO;, and ZnO nanoparticles
of the same size that were stabilized by a capping agent polyvinylpyrrolidone (10 k PVP)
was investigated by Briffa et al. [41]. The authors found that ZnO nanoparticles were more
toxic than CeO, nanoparticles and demonstrated that PVP encapsulation had no effect on
toxicity. Other authors proposed a refractive index gel permeation chromatography (GPC)
method for the quantification of PVP [35]. The method was applied to Daphnia magna
exposed to PVP for 48 h. It was suggested that PVP is ingested by Daphnia magna, which
warrants that the bioaccumulation of PVP could cause the sublethal effects observed in
other studies [42,43].

The present work deals with the sol-gel synthesis and characterization of silica-poly
(vinylpyrrolidone) hybrid material (SiO,/20PVP). Our goal was to evaluate the efficacy
and toxicity of the prepared material as a potential antimicrobial agent against a broad
spectrum of bacteria, including those with novel resistance mechanisms. This hybrid
was tested for antibacterial efficacy alone and in combination with different conventional
antibiotics against four different bacterial isolates. In addition, we started to study their
redox properties and ROS-generating activity, explaining their antibacterial properties.
Moreover, a toxicity test with Daphnia magna predicted possible maximum permissible
concentration in the environment without harm for water inhabitants.

2. Results and Discussion
2.1. Phase Transformations, SEM and TEM Observations

X-ray diffraction patterns of pure TMOS and PVP samples along with that containing
20% PVP amount are shown in Figure 1. As is seen from the figure, all gels are amorphous,
which proves the hybrid material formation.

SEM images of the prepared gels are shown in Figure 2a,b. It is observed that the
sample’s surface is homogeneous and smooth for the pure TMOS and other sample too
(Figure 2a,b). This is a proof for the successful progress of the co-condensation reactions.
The SEM micrographs of the hybrids containing PVP looks similar and their surface are
small-grained (Figure 2b). Moreover, the surface texture of SiO, /20PVP (Figure 2b) shows
bigger SiO, grains. Obviously, the higher PVP amount leads to the increase in particle
size which is about 5 um. This was also observed by other authors [20]. Generally, it is
considered that PVP belongs to the group of selective capping agents and, in a reaction,
it controls the growth rates of various faces of metal oxide nanoparticles throughout the
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adsorption on the surfaces. In other studies, it was shown that PVP enhanced the growth
rate along [100] directions [44].
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Figure 1. XRD patterns of SiO, /20PVP, TMOS, and PVP.
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Figure 2. SEM micrographs of pure TMOS/SiO; (a) and sample with 20PVP (b).

The morphology of the hybrids was also characterized by TEM. Figure 3a,b shows
the TEM micrographs of the investigated samples. The images exhibit the presence of
agglomeration in the material, but only in some sections, not the entire volume. As is
seen from the figures, all samples—pure TMOS along with that containing 20% PVP—
showed spherical particles. The particle size distribution histogram determined from
TEM micrographs is shown in Figure 3c,d. It was found that the average particle size
for pure TMOS was 60-65 nm while the SiO, /20PVP sample exhibited large amount of
nanoparticles with a size of 115-125 nm. It is obvious that the increase in the PVP amount
leads to an increase in the agglomeration of the samples. The obtained data through
electron microscopy studies are in accordance with those obtained by other authors [45-49].
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Figure 3. TEM images with corresponding histograms of TMOS (a,c) and SiO, /20PVP (b,d).

2.2. IR Structural Investigations

The IR spectroscopy is commonly used in the analysis of hybrids of organic and inor-
ganic materials [2]. By this approach, the existence of a novel organic-inorganic network
could be verified. The analysis of the absorption bands provided useful information for the
molecular structure of the as-prepared materials.

The IR spectra of pure PVP and the sample containing 20% PVP are shown in Figure 4.
In these spectra, there are several main absorption regions: 3460-2150 cm !, 1700-960 cm !,
and 800-440 cm~!. It is obvious that the structures of pure TMOS, PVP, and the hybrid
material are different. Typical silica bands are present in the spectra of SiO, /20PVP. Gener-
ally, the bands at 430, 1075, and 1180 cm ™! could be assigned to the bending vibrations of
siloxane (Si-O-Si) bonds [50]. The characteristic band of the Si-OH is seen at about 960 cm 1.
The absorption band at 650-640 cm ™! can be assigned to the Si-CH, stretching [51]. Gener-
ally, the band about 1080 cm ! is typical of the polymerized silica network. As is seen from
the figure, this band is present and well defined in the IR spectra of the hybrid, which is an
indication that the polymerized silica network was formed in the amorphous state.

In the spectra of pure PVP, a band at 1440 cm~ !, associated with the deformations
of CH; groups, could be noticed. This band is shifted and transformed into a broad one
centered at about 1470 cm ™! in the IR spectrum of the SiO, /20PVP hybrid. That shifting
indicates a change in interchain forces in the PVP molecule. The band at 1660 cm ™! is
present in all IR spectra, but its strongest absorption is observed in the pure PVP spectrum.
This could be related to the vibrations of the C=0O group which was also observed and
reported by other authors [52,53]. The strong decrease in the band at 1660 cm ™! in the
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IR spectrum of the SiO, /20PVP sample is a proof for the presence of hydrogen bonding
between PVP and SiO; [54]. On the other hand, the band around 1660-1650 cm ! could
be also associated with the angular vibration of water molecules bonded to the inorganic
framework. The wide band centered at 3500 cm ! is attributed to the OH stretching
frequency of the silanol groups in the inorganic framework. These findings are in good
correlation with those obtained by other authors [55,56]. Overall, the spectral features
show strong interactions between PVP and TMOS provoked by the contact during the
sol-gel reaction.

20% PVP

Transmittance,(a. u.)

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber,cm’I

Figure 4. IR spectra of SiO, /20PVP, TMOS, and PVP.

2.3.29Si MAS NMR Spectra

In the present study, solid-state 2Si NMR spectroscopy was used to investigate
the structural characteristics of the silica matrix in the parent silicate and in the hybrid
SiO, /20PVP material, while 'H—!3C cross-polarization magic-angle-spinning NMR spec-
troscopy (\H—13C CP-MAS) was applied to get an insight into possible interactions be-
tween the PVP and the silicate framework in the hybrid 5iO, /20PVP material [57-60].

Chemical shifts and relative intensities of the signals in the direct-excitation (single-
pulse) 2Si NMR spectra provide qualitative and quantitative information about the type
and the distribution of the different (5iO), Si(OH)4., species (n =1, 2, 3; e.g Q" species)
of the silica matrix. The single-pulse 2?Si NMR spectrum of the parent silicate (Figure 5a)
displays three partially overlapping resonances. The signal at —110.6 ppm is characteristic
of the Q* species [Si(0OH) structural units] that represent the main building blocks of the
bulk silicate framework. The resonance at around—101 ppm is assigned to Q> centers
[Si(10H) units], while the third lower intensity signal at around—91.7 ppm indicates the
presence of a small amount of Q2 structures [Si(20H) units]. The Q3 and Q? units represent
defect sites located on the silica surface and/or at pore edges. The relative fractions of the
three types of structures were calculated by means of the deconvolution of the spectral
pattern and are as follows: Q*:Q%:Q? = 65:32:3. The single-pulse 2°Si spectrum of the hybrid
SiO, /20PVP material demonstrates a similar spectral pattern (Figure 5b); however, higher
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structural heterogeneity was registered in this case. The enhanced structural diversity of
the hybrid material is reflected by (i) a redistribution of the intensities of the resonances
for the different Si structural units, and (ii) the appearance of additional low-intensity
resonances, denoted as Q* (—116 ppm) and Q% (—88 ppm), with different chemical shifts
as compared to the main resonances for these type of species, denoted as Q** (—110.4 ppm)
and Q% (—101 ppm). These additional resonances could be assigned to Q* and Q? species
with distorted bond lengths and valence angles due to the incorporation of the polymer in
the silica matrix. The relative fractions of the different types of Si structures in the hybrid
SiO, /PVP material calculated by means of the deconvolution of the spectral pattern are as
follows: Q*:Q%*:Q%:Q%:Q% = 10:40:45:4:1.

Q* Q* g 32382 &
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Figure 5. Experimental (black) and simulated (red) direct-excitation 295 NMR spectra of (a) TMOS
and (b) SiO, /20PVP. The individual contributions of the different Si environments obtained after the
deconvolution are given with colored lines (Q* blue, Q3 green, and Q? light blue). (c) '"H—13C CP
MAS spectrum of PVP. (d) IH—13C cP MAS spectrum of SiO, /20PVP. The insert in (d) shows an
overlay of the expanded regions of the C=0 signal in the pure (blue) and hybrid (black) materials

for comparison.

In a next step, we applied 'H—!3C cross-polarization magic-angle-spinning NMR
spectroscopy ('H—!3C CP-MAS) to investigate the nature of the possible interactions
between the PVP and the silicate in the hybrid SiO, /20PVP material. Figure 5¢c shows the
'H—13C CP-MAS spectrum of the pure PVP along with the PVP structure and the chemical
shift assignment of the characteristic resonances of the respective PVP structural fragments.
The spectrum of the PVP in the hybrid SiO,/20PVP material is given in Figure 5d. The
comparison of the 1*C chemical shifts of the two samples shows that in the spectrum of
the hybrid material, the resonance of the C=O groups is shifted by 1.63 ppm toward a
lower field (see the insert in Figure 5d). The signals of the other structural fragments are
also shifted to a lower field; however, the chemical shift changes are either minor (up to
0.22 ppm) or remain unchanged. These observations imply that the C=O groups of the
pyrrolidone polymer fragment are localized in the vicinity of the Q* and Q? Si centers
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of the silica matrix via hydrogen bonding interactions with the OH hydrogens of the
silanol groups.

2.4. Antibacterial Properties

As shown in Figure 6, the testing of the silica—poly (vinylpyrrolidone) hybrid material
started at concentrations of 15 mg/mL, 20 mg/mL, and 50 mg/mL. No obvious bactericidal
effect was found at these concentrations. A slight bacteriostatic effect is observed in
the highest concentration (50 mg/mL) of the SiO,/20PVP sample. This suggested the
consecutive testing of SiO, /20PVP in a synergistic effect with an antibiotic acting specific
to Gram-negative bacteria (Ciprofloxacin) and Gram-positive bacteria (Vancomycin).

10.05

9.95
9.9
9.85
9.8
9.75
9.7
9.65

15 mg/ml 25mg/ml 50 mg/ml Control

log 10 CFU/ml

BE coli WS aureus

Figure 6. Concentration-dependent antibacterial effect of SiO, /20PVP on Gram-positive bacterium
Staphylococcus aureus and Gram-negative bacterium Escherichia coli at 24 h.

A spot-test scheme was utilized to assess the antibacterial potential of the antibiotics,
the newly synthesized SiO, /20PVP hybrid, and their combined inhibition. The minimum
bactericidal concentration (MBC) of the sample alone and in combination with antibi-
otics against pathogenic bacteria was examined using the broth microdilution method as
described above.

The MBC of the single action of the antibiotic against S. aureus was clearly determined—
50 ug/mL, while in the combination of Vancomycin with the highest concentration of
510, /20PVP, the MBC already decreased to only 12.5 pg/mL for the antibiotic concentra-
tion. The results in Figure 7 show that the minimum bactericidal concentration (MBC) in
combination with Vancomycin (12.5 ug/mL) of the SiO, /20 PVP was at a concentration of
100 mg/mL.

The results for the Bacillus cereus are similarly presented in Figure 8. As is well known,
spores of bacilli are extremely resistant to all physical and chemical agents. However,
when combining 100 mg/mL of the hybrid material with the antibiotic Vancomycin at a
concentration of 125 pug/mlL, a bactericidal effect of two orders of magnitude was observed.
It is interesting to mention that the single action of SiO,/20PVP at a concentration of
25 mg/mL and an antibiotic at a concentration between 30 and 60 pg/mL has a stimulating
effect on this bacterium known as hormesis.

The experiments with the Gram-negative bacteria Escherichia coli and Pseudomonas
aeruginosa and the antibiotic Ciprofloxacin showed similar results in the resistance of the
bacteria against the antibiotic alone, and in the combination of Ciprofloxacin with the high-
est concentration of the hybrid. But these microorganisms are significantly more sensitive
to the combination of both the antibiotic and the SiO, /20PVP sample. This can be explained
by the difference in cell walls between Gram-positive and Gram-negative bacteria.
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Figure 7. SiO, /20PVP in combination with Vancomycin against Staphylococcus aureus at 24 h.
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Figure 8. New SiO, /20PVP in combination with Vancomycin against Bacillus cereus.

Figure 9 shows a significantly higher MBC of Ciprofloxacin alone than in combination
with 100 mg/mL of the hybrid material. The MBC of the antibiotic against Escherichia coli
was found to be 3.5 ug/mL, while that for the combination of Ciprofloxacin and the highest
concentration (100 mg/mL) of SiO, /20PVP was 0.7 pg/mL.

Pseudomonas aeruginosa showed higher resistance to the concentration of antibiotics.
Here, the MBC of Ciprofloxacin alone was 6.25 pg/mL, while in a synergistic effect with the
new hybrid material at a concentration of 100 mg/mL, the MBC decreased to 1.5 ug/mL,
as is shown in Figure 10.
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Figure 10. SiO, /20PVP in combination with Ciprofloxacin against Pseudomnionas aeruginosa.

2.5. Chemiluminescence Assay

Figure 11 presents the results about the chemiluminescence assay and the capability of
the tested hybrid to generate ROS and present antibacterial properties. As a suitable, highly
sensitive, and relatively inexpensive method, it allows to monitor the dynamics of free
radical reactions. Thus, the prooxidant/antioxidant activity of the investigated material
can be estimated [36,37].

As is seen at pH 7.4 (physiological), the kinetic curves keep a plateau shape. The
Ciprofloxacin antibiotic does not affect the generation or neutralization of ROS in this model
reaction. This result confirms the safe administration of the tested antibiotic in vivo and
other than a free-radical generation activity mechanism. In all other cases, the recorded sig-
nal is higher than the control (more than 32,000 RLU), which is indicative of the stimulation
of the generation of -OH and -OOH radicals. The registered effects are as follows: TMOS—
340%; PVP—more than 220%; SiO, /20PVP—almost 33%; and SiO; /20PVP+ciprofloxacin—
almost 78%. The as-prepared hybrid SiO, /20PVP shows a significant prooxidant effect,
which is preserved with time, and an almost twice higher chemiluminescent signal than
the control reaction. This is indicative of definite antibacterial activity. The obtained re-
sults are in agreement with the antibacterial tests conducted with all Gram-positive and
Gram-negative bacteria. On the other hand, it is necessary to confirm the observed effects
in additional redox model systems using the method of activated luminescence (ex vivo),
at physiological pH and pH 8.5, in order to completely define the action mechanism of
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the tested hybrid. This will be performed in our future investigations as the obtained
information will predict its effect in vivo.
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Figure 11. Chemiluminescence induced by -OH and -OOH radicals at pH 7.4 and the effect of
materials: (a) maximum effects and (b) Fenton’s reaction in time (p < 0.05).

2.6. Daphnia Magna Toxicity

Aiming to estimate the toxicity of the as-prepared SiO, /PVP hybrid, an acute toxicity
test with Daphnia magna was performed that allows predicting the possible maximum
permissible concentration in the environment without harm for water inhabitants. The
experiments were performed using four concentrations of the substance—0.1 mg/mL;
0.05 mg/mL; 0.01 mg/mL and 0.001 mg/mL with three replicates of each concentration
and two controls as shown in Figure 12. Generally, D. magna are extremely sensitive
organisms in the aquatic environment, which also allows conclusions to be drawn from the
obtained results about the influence of the as-prepared hybrid on other aquatic organisms.
The results of the survival of Daphnia were 97% at a concentration of 0.01 and 0.001 mg/mL
and 93% at a concentration of 0.1 and 0.05 mg/mL of the substance. Since 95% D. magna
survival was observed in the controls, it can be speculated that low concentrations below
0.01 mg/mL have a slight stimulatory effect, while the higher concentration of 0.05 mg/mL
has a weak inhibitory effect. Therefore, at these concentrations, the substance used can be
discharged into surface waters without harm to organisms.

100%
mo.
98% 0.1 mg/ml
m 0.05 mg/ml
96%
0.01 mg/ml
94% 0.001 mg/ml
92% 1
K2
90%
88%
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Figure 12. Survival of Daphnia magna treated with SiO; /20%PVP.
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2.7. Analysis of the Results

Bearing in mind the obtained results, it has to be noted that one experimental fact still
provokes scientific interest. Irrespective of the absence of antibacterial activity of the sol-
gel-prepared pure SiO, /20PVP hybrid, in a synergistic effect with antibiotics, it acts specific
to both Gram-negative and Gram-positive bacteria. It is evident that the functionalization
of the silica hybrid with small molecules such as vancomycin and ciprofloxacin provokes
the antibacterial activity of the hybrid. Despite the differences in the cell wall of the tested
Gram-positive (Staphylococcus aureus and Bacillus cereus) and Gram-negative (Escherichia
coli and Pseudomonas aeruginosa) bacteria, it was established that the combination of both
the antibiotic and the 5iO, /20PVP sample led to a significant increase in the antibacterial
properties. According to Bernardos et al. [61], this experimental result could be ascribed to
the fact that the antibiotic reacts with the outer surface of the hybrid, forming a hydrogen
bonding interaction with the terminal functional groups on the cell membrane. Supporting
this suggestion are the performed IR and NMR analyses which prove the presence of
hydrogen bonding interactions between the silica matrix and the OH hydrogens of the
silanol groups (Figures 4 and 5). Moreover, the registered prooxidant activity coincides well
with the suggested antibacterial properties of the tested substance and its combination with
antibiotics. On the other hand, it has already been stated that the size, shape, pore diameter,
surface properties, composition, and concentration features can all contribute to these
properties of the synthesized material [62-64]. For example, some authors established that
sol-gel-derived PVP powders composed of spherical particles exhibited higher antibacterial
properties as compared to ellipsoid ones [65]. This experimental fact corresponds well
to the results obtained by us. Moreover, the investigated hybrid exhibited good killing
efficiency at the 24th hour.

One complementary investigation concerning the D. magna toxicity test highlights
this paper’s originality. It was observed that the effect of the hybrid material on Crustacea
D. magna is estimated to be harmless at a concentration of 0.1 mg/mL. This could be
related with the fact that the silica-based compounds are hydrolytically unstable and they
progressively transform into harmless silicic acid or polysilicic acid that the body can
safely absorb or excrete [61]. It is evident that, at these concentrations, the sol-gel-derived
substance can be discharged into surface waters without harm to aquatic organisms.

Thus, it could be generalized that the present study, which is devoted to obtaining a
SiO;-containing hybrid material and evaluating its antibacterial properties, represents an
attempt to elucidate the composition-structure—property relationship. Based on the above
discussed results, it could be suggested that the as-prepared material can be used in further
research related to other possible applications of SiO;, /20PVP for environmental protection.

3. Experimental Procedure
3.1. Materials

The gels were prepared using a combination of the alkoxid—tetramethyl orthosilane
(TMOS)—Sigma Aldrich Chemical (Burlington, MA, USA) and poly(vynyl pyrrolidon)
K25-(PVP), Fluka Chemie AG (Buchs, Switzerland). The preparation procedure is described
in details below.

3.2. Preparation of Silica—Polyvinylpyrrolidone (SiO,-PVP) Hybrids

The precursor tetramethyl orthosilicate {TMOS, Si(OCH3)4}, distilled H,O, and 0.1 M
HClI in the molar ratio 4:1:1 were mixed and stirred together. Aiming to obtain a hybrid
material with improved properties, the added amount of PVP was 20wt %. It was dissolved
in ethanol and added dropwise to the stirred solution. Stirring continued until the mixture
became clear. The gelation occurred at room temperature and it took about 20 h. All steps
of the hybrid preparation are shown in Figure 13. The investigated samples were denoted
as TMOS, PVP, and SiO, /20PVP.
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Figure 13. Scheme for the synthesis of SiO, /PVP hybrids.

3.3. Methods of Characterization

Powder X-ray diffraction data were obtained on a Philips PW1730/10 diffractometer
using Ni-filtered CuK« radiation (Philips Corporation, Almelo, the Netherlands). The
scanning rate for crystallinity was 1.2° 20 /min. SEM images were obtained on a Hitachi
S-4100 (Hitachi Ltd., Tokyo, Japan) microscope at an accelerating voltage of 25.0 kV. TEM
images were taken on a Hitachi H-600A (Tokyo, Japan). A powdered hybrid sample was
suspended in a mixture of ethanol and polysorbate 80 (1:1 v/v) using an ultrasonic generator
(with an intensity of 250 W) for 3 min. One or two drops of the resulting dispersion were
dropped on a 300-mesh copper grid (Tedpella, Inc., Redding, CA, USA) coated with carbon
film and left to evaporate. FTIR spectra were registered using the KBr pellet technique
on an FTIR spectrophotometer—Nicolet 6700 FT (Matson, UK). 2Si MAS NMR spectra
were recorded on a Bruker Avance HD III 600 NMR spectrometer (Billerica, MA, USA)
operating at 599.98 MHz proton frequency (150.84 MHz for '3C, 119.18 MHz for 2%Si), using
4 mm solid state i-CP/MAS dual 'H/31P-15N probehead (Billerica, MA, USA). The samples
were loaded in 4 mm zirconia rotors and spun at a magic-angle-spinning (MAS) rate of
10 kHz for both the '3C and ?°Si measurements. 'H—!3C cross-polarization MAS (CP
MAS) spectra were acquired with the following experimental parameters: 8 K time domain
data points, a spectrum width of 50 kHz, an 'H excitation pulse of 3.6 us, a contact time
of 2 ms, 2048 scans, and a recycle delay of 5 s. The 'H SPINAL-64 decoupling scheme
was used during the acquisition of the CP experiments. The spectra were processed with
an exponential window function (line broadening factor 10) and zero-filled to 32 K data
points. The quantitative direct-excitation 2°Si NMR spectra were recorded with one-pulse
sequence, a 90° pulse length of 4.5 s, 3 K time domain data points, a spectrum width
of 70 kHz, 1024 scans, and a relaxation delay of 60 s. Exponential window function was
applied (line broadening factor 10) prior to Fourier transformation.

3.4. Antimicrobial Activity Testing

The tested microbial strains, Gram-negative bacteria Escherichia coli ATCC 25922 and
Pseudomonas aeruginosa ATCC 27853, and Gram-positive bacteria Staphylococcus aureus
ATCC 25923 and Bacillus cereus NBIMCC 1090, were provided by the National Bank of
Microorganisms and Cell Cultures (NBIMCC), Bulgaria, and cultured in the nutrient
medium (Conda, Spain). The pure culture of every strain was prepared as a bacterial
suspension in exponential phase with OD 0.5 McFarland.

50



Molecules 2024, 29, 2675

The SiO,/20PVP sample was tested for antibacterial efficacy alone and in combi-
nation with conventional antibiotics in liquid medium too. Antibiotics were selected
from five groups with a different mode of action, including vancomycin (Glycopeptide)
and ciprofloxacin (Quinolone). Vancomycin is a tricyclic glycopeptide antibiotic used for
the treatment of Gram-positive bacterial infections. It belongs to the cell-wall-synthesis
inhibitor class of antimicrobial drugs. Almost all quinolone antibiotics used are fluoro-
quinolones, which contain a fluorine atom in their chemical structure and are effective
against both Gram-negative and Gram-positive bacteria [66].

3.5. Methodology for the Evaluation of the Minimum Inhibitory and Minimum Bactericidal
Concentration (MBC) and Antibacterial Mode of Inhibition of 5iO,/20PVP

The MBC of the S5iO, /20PVP hybrid combined with antibiotics was determined using
the broth microdilution method and spot-test on agar. A standard suspension of bacterial
pathogens (100 L /0.5 MFU) was added to micro dilution wells containing 50 pL of the
corresponding concentration of the investigated sample (25 mg/mL, 50 mg/mL, and
100 mg/mL) and 50 uL of different concentrations of the antibiotic for each well to obtain a
final volume of 200 pL in 11 variants. The final (12th) column was left for control (100 pL
bacterial suspension and 100 pL autoclaved physiological saline solutions). After 24 h
incubation at 36 + 1 °C, the wells were examined for growth. The lowest concentration that
showed no growth was assessed as a minimum bactericidal concentration (MBC). It can be
determined from broth tests by sub-culturing to agar plates that do not contain the tested
agent [30]. Experiments were performed with three independent runs of three replicates
per run.

3.6. Chemiluminescence Assay
3.6.1. Materials

Purchased with high purity: iron sulphate (p. a.) (Merck, Darmstadt, Germany), hy-
drogen peroxide (30%) (Merck, Darmstadt, Germany), lucigenin (bis-N-methylacridinium
nitrate) (p. a.) (Sigma-Aldrich, St. Louis, MI, USA and Burlington, MA, USA), dimethyl
sulfoxide (p. a.) (DMSO, Sigma-Aldrich, St. Louis, MI, USA), and buffer pH 7.4 (Sigma-
Aldrich, St. Louis, MI, USA and Burlington, MA, USA). All chemicals were used
as purchased.

3.6.2. Method

The redox activity of the newly synthesized material was tested in Fenton’s model
chemical reaction system, generating free radicals and ROS, at pH 7.4 (physiological),
by means of the activated chemiluminescence method [67]. The chemical probe that we
applied for signal amplification was lucigenin. Thus, reliable, comparable differences
were achieved.

Fenton’s system generates ‘OOH and ‘OH radicals. The control samples do not contain
the tested material (active concentration 100 mg/mL). The reactions are monitored for
3 min, every 3 s, at 37 °C, and measured in triplicate. All materials are sonicated for 20 min
prior to testing to ensure good dispersion.

Fenton’s system:

Fe?* + H,O, — Fe®" + 'OH + “OH (1)

Fe®* + H,O, — Fe?* + 'OOH + H* 2)

In general, the higher the signal, the more ROS are formed and a prooxidant effect is
described. On the contrary, if the signal is below the control level, antioxidant activity can
be described.
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3.6.3. Statistics

All experiments were performed using LUMIstar Omega (BMG Labtech GmbH, Or-
tenberg, Germany, 2020) in triple reproducible measurements; statistical analysis was
performed using OriginPro 8 and Microsoft Office Excel 2010.

3.7. Daphnia Magna

A toxicity test was conducted according to the acute lethality toxicity protocol OECD
(2004) and the guidelines for the testing of chemicals” acute immobilization test (2012),
Test No: 211 [68]. The experiments used 4 concentrations of the hybrid SiO,/20PVP
nanoparticles (0.1 mg/mL; 0.05 mg/mL; 0.01 mg/mL; and 0.001 mg/mL) with 3 replicates
of each concentration and 2 controls.

4. Conclusions

Hybrid nanocomposites containing TMOS and PVP were synthesized via the sol-gel
method at room temperature. The obtained products were characterized using several
methods. They established homogeneous and amorphous samples which showed useful
structural properties. The IR and 2’Si MAS NMR spectra proved the formation of a
polymerized silica network as well as the hydrogen bonding interactions between the silica
matrix and the OH hydrogens of the silanol groups. The TEM showed spherical particle
formation along with increased agglomeration tendency.

The minimum bactericidal concentration (MBC) in the synergistic effect of the hybrid
material (SiO,/20PVP) with the corresponding antibiotic was three to five times lower
than in the case of the antibiotic action alone. These findings suggest that the synthesized
SiO, /20PVP hybrid may be a new, effective, and broad-spectrum antibacterial agent, even
at lower doses than those currently used in clinical trials to treat bacterial infections. The ob-
served prooxidant activity confirmed and explained the registered antibacterial properties
of the tested substance and its combination with antibiotics, especially ciprofloxacin. The
low concentrations below 0.01 mg/mL had a slight stimulatory effect on Daphnia magna,
while the higher concentration of 0.05 mg/mL had a weak inhibitory effect. Therefore, at
these concentrations, the substance can be discharged into surface waters without harm to
water organisms.
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Abstract: Vitamin D, an essential micronutrient crucial for skeletal integrity and various non-skeletal
physiological functions, exhibits limited bioavailability and stability in vivo. This study is focused
on the development of polyethylene glycol (PEG)-grafted phospholipid micellar nanostructures
co-encapsulating vitamin D3 and conjugated with alendronic acid, aimed at active bone targeting.
Furthermore, these nanostructures are rendered optically traceable in the UV-visible region of the
electromagnetic spectrum via the simultaneous encapsulation of vitamin D3 with carbon dots, a
newly emerging class of fluorescents, biocompatible nanoparticles characterized by their resistance to
photobleaching and environmental friendliness, which hold promise for future in vitro bioimaging
studies. A systematic investigation is conducted to optimize experimental parameters for the prepa-
ration of micellar nanostructures with an average hydrodynamic diameter below 200 nm, ensuring
colloidal stability in physiological media while preserving the optical luminescent properties of the
encapsulated carbon dots. Comprehensive chemical-physical characterization of these micellar nanos-
tructures is performed employing optical and morphological techniques. Furthermore, their binding
affinity for the principal inorganic constituent of bone tissue is assessed through a binding assay with
hydroxyapatite nanoparticles, indicating significant potential for active bone-targeting. These for-
mulated nanostructures hold promise for novel therapeutic interventions to address skeletal-related
complications in cancer affected patients in the future.

Keywords: micellar nanostructures; luminescent carbon dots; cholecalciferol; alendronate; hydroxyapatite
nanoparticles; active bone targeting

1. Introduction

In the advanced stages of various types of cancers, such as breast, prostate, lung, and
multiple melanoma, the occurrence of bone metastases is quite common. These bone metas-
tases give rise to several significant skeletal-related events (SREs), which include issues
such as fractures, severe pain, limited mobility, spinal compression, and hypercalcemia.
These complications not only significantly affect the quality of life for oncology patients
but also reduce their overall survival rate. Additionally, patients experiencing SREs require
extended hospital stays, resulting in substantial healthcare costs [1].
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In the context of standard clinical practice, while a multidisciplinary approach is often
employed to provide the best therapeutic outcomes for bone metastasis treatments, the
primary treatment option for patients with SREs is the use of anti-resorptive agents, such as
bisphosphonates (BPs) [1,2]. BPs are synthetic analogues of naturally pyrophosphate com-
pounds that inhibit bone resorption and bone formation [3]. In vitro studies have reported
that BPs may have a direct action on tumour cells by inducing apoptosis, inhibiting the
adhesion of tumour cells within the bone [4]. Although prolonged BP administration is gen-
erally well-tolerated by oncology patients, it can lead to the development of hypocalcaemia
due to the BPs’ sustained anti-resorptive effects. Another risk factor for hypocalcaemia
is vitamin D deficiency. Therefore, it is recommended to supplement with calcium and
vitamin D during the BP treatment to mitigate the risk of hypocalcaemia [1,5]. Vitamin D
plays crucial roles in skeletal health, including bone strength and calcium absorption, as
well as in various non-skeletal functions. Proper levels of vitamin D have been associated
with a reduced risk of conditions such as diabetes, cardiovascular diseases, and certain
cancers [6-9]. Between the two primary forms of vitamin D, namely ergocalciferol (vita-
min D2) and cholecalciferol (vitamin D3, VitD3), in humans, VitD3 is more effective than
vitamin D2, primarily because it is more efficient in elevating blood serum levels of biologi-
cally active vitamin D metabolites, thanks to its higher affinity for the vitamin-D-binding
protein [10]. The physiological benefits and functionality of VitD3 are constrained due to
its classification as a fat-soluble micronutrient, characterized by its limited water solubility,
heightened vulnerability to environmental factors, and susceptibility to oxidation. In accor-
dance with a multitude of research studies, it was observed that a significant proportion
exceeding 75% of ingested VitD3 undergoes processes of catabolism and excretion prior
to its conversion into its biologically active form [11]. The clinical utilization of VitD3 is
further marked by its notably brief half-life in the circulatory system and its susceptibility
to the first-pass effect. Furthermore, excessive consumption of VitD3 may induce toxic
effects associated with the development of hypervitaminosis syndrome [12]. To address
these inherent constraints, novel drug delivery nanosystems have been designed for the
formulation of VitD3, encompassing polymeric- or lipid-based nanovectors, as recently
reported [11-16]. The primary objective of these nanosystems is to encapsulate VitD3,
thereby not only augmenting its bioavailability and in vivo stability but also facilitating
the administration of the optimal dosages, thereby mitigating the potential risks associated
with toxicity.

While several studies have been conducted to explore the encapsulation of VitD3, there
is a paucity of research focusing on the utilization of nanocarriers for the targeted delivery
of VitD3 to the skeletal system [17]. It is important to recognize that bones are encased by
lining cells that serve as a protective blood-marrow barrier, consequently limiting direct
contact between bone surfaces and exogenous compounds. Furthermore, in mineralized
tissues, the expression of biomolecules with specific targeting capabilities, such as enzymes
or antigens, remains relatively low, thereby limiting the opportunities for active targeting.
In the realm of drug delivery nanosystems tailored for bone targeting, only certain agents
have emerged as the most commonly utilized. These include the arginine-glycine-aspartic
acid peptide, as well as two notable members of the BP family, namely alendronic (ALE)
and zoledronic acids [18-20]. Extensive research has revealed the substantial potential of
these agents in the development of pharmaceuticals with a bone-targeted focus [21-28].
The distinctive composition of bone, characterized by high concentrations of calcium
and phosphorus, contributes to its supramolecular structure, rendering it a unique and
specific target for binding by BPs. The presence of hydroxyapatite (HA) during bone
remodelling further enhances the affinity of mineral-binding drugs for sites exhibiting high
turnover rates, often associated with pathological conditions [29]. Compounds such as BPs
exploit these inherent characteristics to facilitate robust and precise in vivo binding to bone
tissue [30,31]. Indeed, BPs, among which ALE is notable, possess a unique capability to
chelate with calcium ions present in HA crystals, which constitute a fundamental mineral
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component within the bone microenvironment [32]. This distinctive property renders HA
crystals ideal and specific binding sites for drugs designed for bone targeting [33].

This study aims to elucidate the use of polyethylene glycol (PEG)-grafted phospho-
lipids in combination with luminescent carbon dots (C-dots) to fabricate optically traceable
micellar nanostructures for encapsulating VitD3, which are further conjugated with ALE
(VitD3/C-dot/ ALE-micelles). C-dots are renowned for their intense photoluminescence
(PL) characteristics in the visible range, marked by exceptional biocompatibility and ro-
bust photostability. Consequently, C-dots have extensive applications in diverse fields
such as live cell imaging, biosensing, targeted drug delivery, and various biomedical
applications [34]. The incorporation of functional nanoparticles (NPs) such as C-dots into
the hydrophobic core of polymer-grafted lipid micelles represents an effective approach for
the co-encapsulation of a wide spectrum of poorly water-soluble therapeutic agents. This
approach yields multifunctional nanoformulations characterized by noteworthy colloidal
stability, a high degree of biocompatibility, and stealth properties, thereby enhancing their
suitability for various biomedical applications [35—40].

Here, a comprehensive characterization of the micellar nanostructures specifically
designed for the bone-targeted delivery of VitD3 was conducted at each stage of the
preparation process using a combination of optical and morphological techniques. The
optical properties of the C-dots were investigated both before and after their integration into
the micellar cores, as well as following their conjugation with ALE. This investigation aimed
to evaluate the preservation of their PL, which is crucial for achieving optical traceability.
This information will be valuable for future in vitro studies. Here, the PL properties of
the ALE-conjugated micellar nanostructures were investigated in this study to assess their
binding affinity for HA NPs, with the aim of demonstrating the robust affinity of the novel
formulation for the primary inorganic component of bone. This validation underscores its
potential for actively targeting bone tissue.

2. Results and Discussion
2.1. Preparation of PEGylated Phospholipid-Based Micellar Nanostructures

Oil-soluble C-dots were obtained using a one-step synthetic method as the preliminary
step in the preparation of luminescent micellar nanostructures. In the synthetic process,
citric acid served as the carbon precursor, while 1-octadecene (ODE) and 1-hexadecylamine
(HDA) were employed as a high-boiling point solvent and surface-passivating agent,
respectively [41].

The TEM analysis (Figure 1B) exhibited the formation of spherical-shaped C-dots with
an average diameter of approximately 3.5 nm (o = 23%). The UV-Vis absorption spectrum of
a chloroform dispersion of ‘as synthesized” C-dots (Figure 1A inset) displayed a distinctive
peak in the range of 300 to 400 nm. This peak was attributed to the n-7* transition,
which was associated with both the C=0 bonds and surface chemical functional groups.
Furthermore, the spectrum revealed a broadened absorption band centred around 450 nm,
ascribed to the formation of molecular fluorophore aggregates during the carbonization
process [41].

The PL spectroscopic measurements of the chloroform dispersion of C-dots (Figure 1A)
indicated a consistent dependence of the emission band from the excitation wavelength in
the visible range up to 540 nm, where the signal appeared sensibly quenched. Notably, the
highest PL quantum yield (QY) of (25.3 £ 0.1)% was achieved for excitation at A = 360 nm
(Figure S1B, see Supplementary Materials (SM)).

To encapsulate oil-soluble C-dots within the hydrophobic micellar cores, an exper-
imental procedure previously established for the preparation of PEG-stabilized micel-
lar nanostructures that incorporate luminescent quantum dots or superparamagnetic
NPs [35,36,38-40] was followed. Specifically, PEG-stabilized micellar nanostructures were
obtained using mainly PEG-2-PE (1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy (poly (ethylene glycol))-2000; 16:0), with only a very low percentage (molar ratio
of 4:1) of the lipid mixture composed of DSPE-PEG-COOH (1,2-distearoyl-sn-glycero-3-
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phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000), ensuring the presence of
carboxylic groups on the micellar surface for conjugation with ALE. Here, PEG-2-PE-based
micelles were selected as suitable nanovectors for drug delivery based on the findings of
Wang et al., who demonstrated the safety of PEG-2-PE in normal cells and its toxicity in
cancer cells. The same report also clarified the molecular mechanism of the cytotoxicity
in cancer cells, demonstrating that PEG-2-PE micelles insert into cell membranes without
compromising the membrane integrity. The micelles disassemble at the membrane level
and the resulting disassembled PEG-PE molecules can be internalized into cells through
non-specific endocytosis and accumulate in the endoplasmic reticulum (ER), leading to
ER stress. Notably, cancer cells initiate proapoptotic signaling under PEG-2-PE-induced
ER stress, while normal cells activate pro-survival signaling pathways. This suggests
that PEG-2-PE micelles can safely serve as suitable nanocarriers for delivering anticancer
drugs [42].
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Figure 1. (A) PL spectra of the ‘as synthesized’” C-dots dispersed in organic solvent and recorded at
increasing excitation wavelengths (A) of 300 nm (black line), 320 nm (red line), 340 nm (blue line),
360 nm (magenta line), 375 nm (olive line), 380 nm (brown line), 400 nm (violet line), 420 nm (lime
green line), 440 nm (light blue line), 460 nm (orange line), 480 nm (dark blue line), 500 nm (pink line),
520 nm (heavenly blue line), and 540 nm (purple line). Inset: UV-Vis absorption spectrum. (B) TEM
micrograph of oil-soluble C-dots cast from chloroform.

Different starting percentages of the C-dot/PEG—phospholipid weight ratio, ranging
from 7% to 42% (samples A, B, C, D, E, and F), as indicated in Figure 2A, were systematically
explored in the preparation of the luminescent PEG-stabilized micellar nanostructures.
This investigation aimed to pinpoint the optimal experimental conditions to both preserve
the distinctive optical characteristics of the C-dots and yield micellar aggregates with an
average hydrodynamic diameter below 200 nm (Figure 2A-D) [43,44].

Prior to their characterization in terms of the dimensional, morphological, and optical
properties, the ‘as-prepared’ luminescent micellar nanostructures underwent purification
steps. These included centrifugation to recover the non-encapsulated oil-soluble C-dots as
a pellet, followed by filtration to remove the excess lipids not assembled in the micellar
structures, as described in the Section 3.

The dynamic light scattering (DLS) analysis revealed that the different samples exhib-
ited a bimodal size distribution. Specifically, the size distribution profile exhibited a peak
range centred at 15-20 nm, attributed to the formation of empty micelles, in addition to a
peak due to micellar structures of a larger size (Figure 2A), encapsulating the C-dots.

The recorded average hydrodynamic diameters ranged from 110 to 150 nm for samples
B-E and increased as the C-dot/phospholipid weight ratio percentage increased from 21 to
42%. Conversely, sample A, obtained at the lowest investigated C-dot/phospholipid
weight ratio percentage, exhibited a larger average hydrodynamic diameter. However, the
presence of a peak at sizes larger than empty micelles suggests the formation of micellar
nanostructures with multiple C-dots embedded within the micellar core.
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A Sample C-dot/PEG-Lipid Size Peak 1 Size Peak 2 PDI {-potential
weight ratio (%) (nm) (nm) (mV)
A 7 2457 20+1 0.37+0.03 -2.4+0.1
B 14 12816 2142 0.35+0.01 -12.441.4
C 21 11046 15+3 0.20+0.02 -29.840.6
D 25 11842 20+1 0.271£0.04 -27.2+2.2
E 28 12545 16+5 0.29+0.03 -28.310.2
F 42 14814 18+8 0.33+0.04 -27.410.4
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Figure 2. (A) DLS analysis and (-potential values for micellar nanostructures prepared at different
starting C-dot/PEG-phospholipid weight ratio percentages. (B) Picture of the vial containing
micellar nanostructures encapsulating C-Dots, acquired under 400 nm light exposure along with a
representative scheme. (C) PL emission spectra recorded at excitation wavelengths ranging from
300 to 540 nm (1:3 dilution of sample C in PBS) and (D) representative TEM micrograph and
corresponding close-up view in the inset cast from the water from sample C.

The (-potential analysis revealed, for all investigated samples, the presence of a
negative surface charge on the PEG-micelle surface, which was decorated with carboxylic
groups. It also demonstrated significant colloidal stability in a physiological medium
(phosphate-buffered solution (PBS), 10 mM, pH 7.4), for samples C and D, while lower
(-potential values were recorded for samples A and B, indicating poorer colloidal stability
in aqueous environments compared to samples C and D (Figure 2A). Based on the DLS
and (-potential measurements, samples A and B were not further considered. The PL
characterization spectroscopy was performed on samples C-E. In Figure 2B,C, the UV-Vis
and PL spectra of sample C are reported, while in Figure S1 of the Supplementary Materials
the spectra resulting from the PL characterization of samples D and E can be observed.
The findings demonstrated that despite the manipulation undergone by the C-dots in the
encapsulation process into the micellar nanosystems and the considerable variation of
the chemical surroundings they experienced, the peculiar optical properties of the C-dots
were retained. No significant difference in the emission properties of samples C, D, and
E was observed (Figure S1, Supplementary Materials), indicating that further increasing
the C-dot/phospholipid weight ratio percentage is not necessary to improve the emission
properties of the micellar nanostructures.

Therefore, the sample labelled as ‘C’, prepared using a C-dot/phospholipid weight
ratio percentage of 21%, was demonstrated to retain the optical emission properties and
have the smallest average hydrodynamic diameter and highest degree of size uniformity
(polydispersity index (PDI) = 0.20 & 0.02). Considering such findings, this sample was
selected for further characterization and experimentation. The rationale behind this choice
was that since the typical gaps between mineralized bone fibers (lamellae) are of the order
of a few hundred nanometers, only NPs with dimensions falling within the range of 100 to
200 nm can effectively accomplish bone tissue targeting and penetration [40].

The PL QY was assessed for sample C. Due to the processing steps involved and
the change in dispersion medium (PBS, 10 mM, pH 7.4), a slight decrease in PL quantum
yield (QY = 12.2 £ 0.1%) was observed compared to the PL QY of the ‘as-synthesized’
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C-dots (Figure S2B, see Supplementary Materials). A detailed examination of sample C,
performed via a transmission electron microscopy (TEM) investigation (inset of Figure 2D),
revealed the presence of numerous black spots, each measuring only a few nanometers
in size. These dimensions are consistent with the anticipated size of the C-dots and
were visibly contained within the round-shaped nanostructures. In the broader view in
Figure 2D, the round-shaped nanostructures, attributed to micellar aggregates, exhibit
sizes ranging approximately from 40 to 100 nm. Concurrently, the empty micelles appear
as smaller nanospheres of approximately 10 nm in diameter. This observation is in good
agreement with the findings of the DLS analysis, accounting for the shrinkage of the
micellar nanostructures that occurred during the drying process on the grid before the
TEM measurements.

In the formulation of micellar nanostructures loaded with both VitD3 and C-dots, using
a starting C-dot/phospholipid weight ratio percentage of 21%, various nanoformulations
were developed by varying the starting amount of VitD3. Specifically, different weight
ratio percentages of VitD3 to phospholipids were examined, with values of 2.6%, 3.3%,
4.0%, 5.3%, and 6.6%, corresponding to 0.4 mg, 0.5 mg, 0.6 mg, 0.8 mg, and 1 mg of VitD3,
respectively. The actual amount of VitD3 effectively incorporated within the micellar
nanostructures was determined via UV-Vis absorption spectroscopy (Figure 3A). This
analysis was performed after freeze-drying and subsequent re-dispersing the samples in
methanol. The results were expressed as EE% and DL% for each sample, as illustrated in
Figure 3A and Figure S3C (see Supplementary Materials). These findings indicate that the
maximum values of DL% and EE% were attained when the initial feed of the drug was
0.5 mg. As a result, this specific formulation, selected among those prepared with various
initial amounts of VitD3, was chosen for subsequent conjugation with ALE.
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Figure 3. (A) Encapsulation efficiency (EE%) and loading (DL%) percentages of the VitD3 for sam-
ples of micellar nanostructures co-encapsulating VitD3 and C-Dots, prepared at different starting
VitD3/phospholipid weight ratio percentages. (B) Size distribution by intensity of the micellar nanos-
tructures co-encapsulating VitD3 and C-Dots obtained by using a VitD3/phospholipid weight ratio
percentage of 3.3% and dispersed in PBS (10 mM, pH 7.4). (C) representative TEM micrograph along
with (D) corresponding close-up and schematic sketch. (E) PL emission spectra recorded at excitation
wavelengths ranging from 300 to 440 nm. Inset: UV-Vis absorbance spectrum. (F) In vitro release
profile of the VitD3 recorded for the VitD3/C-dot micellar nanostructures (VitD3/phospholipid
weight ratio percentage of 3.3%, C-dot/phospholipid weight ratio percentage of 21%).
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The concentration of C-dots incorporated into the formulation, which was prepared at
a VitD3/phospholipid weight ratio percentage of 3.3%, was determined to be 37.5 ug/mL.
Such an evaluation was carried out by creating a calibration curve based on PL emission
spectra under excitation at 375 nm of chloroform dispersion of previously freeze-dried
formulations. The PL spectra of the formulations showed the same peculiar emission
profiles for the pristine C-dots (Figure 3E), thereby suggesting that C-dots, after their
co-encapsulation into the micellar nanostructures with VitD3 (Figure 3B), retain their
emission properties, although in this case an additional decrease in their PL QY was
detected (7.2 £ 0.2%; Figure S2B, see Supplementary Materials), due to both the further
processing and environmental changes that C-dots undergo by passing from the original
organic solvent to the hydrophobic micellar cores where they are also co-loaded with VitD3.
The absorption spectrum (inset, Figure 3E) of the formulations was dominated by a band
at 265 nm attributed to the VitD3 (Figure S3A, see Supplementary Materials) within the
micellar system. The absorption features, characteristic of the C-dots, covering the range
between 300 and 400 nm (see the spectrum of the ‘as-synthesized” C-dots inset in Figure 1A
as a comparison) were poorly visible, since they fell in the same spectral region of VitD3
absorption or due to the altered chemical environment experienced by the C-dots” surfaces.

The TEM analysis performed on the VitD3 /C-dot micellar nanostructures (Figure 3C,D)
revealed the formation of spherical NPs with sizes ranging from 60 nm to 100 nm. The DLS
investigations unveiled that the VitD3/C-dot micellar nanostructures exhibited an average
hydrodynamic diameter of approximately 130 nm, with a polydispersity index (PDI) of
(0.262 £ 0.133). The monomodal size distribution in Figure 3B indicates the complete
elimination of empty micelles as a result of the ultracentrifugation process (see experi-
mental section for more details). The (-potential value measured for this formulation was
(—24.1 £ 3.0) mV, underscoring the good colloidal stability in aqueous solutions and high-
lighting a negative surface charge, attributed to outer exposed phosphate and carboxylate
groups on the surfaces of the micellar structures.

The in vitro release of VitD3 from the micellar nanostructures (sampled at a VitD3/
phospholipid weight ratio percentage of 3.3% and C-dot/phospholipid weight ratio per-
centage of 21%) was monitored using UV-Vis spectroscopy under physiological conditions
(PBS 10 mM, pH = 7.4). The release profile in Figure 3F indicates that a payload fraction
of about 50% is released into the medium within the first 4 h, followed by more sustained
release of vitamin D3, reaching up to (81 = 3)% at 50 h.

2.2. Conjugation with ALE of the Luminescent Micellar VitD3 Containing Nanostructures

The ALE was synthesized by reacting the 4-aminobutyric acid (1) with phthalic
anhydride to afford the N-phthaloyl butyric acid (2). The N-phthaloyl butyric acid (2)
was converted into (3) using a modified Arbuzov’s reaction. Specifically, 2 was first
converted into the corresponding acyl chlorides by thionyl chloride and then used as a
reagent in the modified Arbuzov’s reaction, in which the phosphorylating agent was the
tris(trimethylsilyl)phosphite. The silyl esters of the geminal bisphosphonic acid intermedi-
ate were hydrolyzed into compound 3. The deprotection of the amino group hydrolyzing
the phthalimide moiety, achieved with 12 N HCI at reflux, afforded the alendronic acid 4
(Scheme 1) [41,43-47].

ALE was then used for conjugation onto the surfaces of the micellar nanostructures.
The conjugation process promoted the formation of covalent bonds between the carboxylic
groups on the micellar surface and the amine groups present in the ALE structure. This
strategic approach was adopted with the aim of creating nanosystems that have the poten-
tial to target bone tissue [38,48].

The effective conjugation of the ALE with the micellar nanoformulations was assessed
using an FTIR-ATR (Fourier transform infrared spectroscopy—attenuated total reflection)
analysis (Figure 4A). For comparison, the pure VitD3 encapsulated in the nanoformulations
and ALE and the bare micellar nanostructures were analyzed. The FTIR spectrum of
the luminescent micellar nanostructures loaded with VitD3 revealed two distinct peaks
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at 3480 and 3350 cm ™!, corresponding to stretching vibrations of N-H attributable to
the primary amine groups within the molecular structure of ALE. In the spectrum of
the luminescent micellar nanostructures loaded with VitD3 and conjugated with ALE, a
singular N-H peak stretching vibration at 3480 cm ! was evident, indicative of amide
bond formation. Additionally, the signal of VitD3 at 3330 cm~!, associated with the
stretching of the hydrogen bond O-H, and peaks within the 2990 to 2880 cm~! range,
attributed to symmetric stretching of aliphatic C-H, were discernible in conjunction with
a peak centered at 1110 cm ™! arising from C-O-C stretching of the PEG-phospholipid
chains within the spectrum of the micellar nanoformulations loaded with VitD3 and
conjugated with ALE. A broad band spanning the 1200 to 800 cm ! range, corresponding
to phosphate functional groups, was observed in the ALE-conjugated sample due to the
overlapping of phosphate esters (1100 cm ') and phosphonate vibrations from lipids and
ALE, respectively [49,50]. Consequently, the FTIR-ATR analysis indicated the successful
conjugation of ALE onto the micellar surfaces. The spectroscopic investigation of the
conjugated sample demonstrated that similarly to previous findings, while the emission
properties were retained, a slight decrease in the PL QY (5.2 £ 0.2)% was observed (see
Figure S2B, see Supplementary Materials).
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Scheme 1. Reaction scheme: (a) phthalic anhydride, triethylamine (Et3N(Cat‘)), toluene, reflux, 5 h;
(b) thionyl chloride, reflux, 2 h; (c) tris(trimethylsilyl)phosphite, tetrahydrofuran (THF), 0 °C tor. t.,
15 min-15 h; (d) methanol (MeOH), r. t., 1 h; (e) 12 N HCI, reflux, 5.5-20 h.
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Figure 4. (A) FT-IR spectra of free VitD3, luminescent micellar structures and loaded with VitD3,
synthesized ALE and ALE conjugated to the surface of the luminescent micellar formulation loaded

with VitD3. (B) Representative size distribution based on intensity. (C) Determination of the ALE con-
centrations in the micellar formulations based on complexation with Fe(III) ions in acidic conditions.
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DLS analysis performed on the conjugated samples reveals a monomodal size dis-
tribution and an increase in the average hydrodynamic diameter that shifts from 130 to
about 150 nm (PDI 0.298 £ 0.065) passing from nude micellar to conjugated structures
(Figure 4B), while C-potential measurements results (—28 £ 4) mV, highlighting relevant
colloidal stability in the aqueous solution of the resulting nanoformulations and suggesting
that residual negatively charged phosphate and carboxylate groups are still present on the
micellar surface.

According to the procedure reported by Kuljanin et al. [46], the ALE conjugated
on the surface of the micellar formulations was colorimetrically determined through a
complexation reaction with Fe(IIl) ions, as ALE does not absorb in the UV-Vis spectral
region. It is well known that bisphosphonates, including ALE, exhibit strong chelating
properties towards metals, including iron, owing to the excellent complexing ability of
the O=P-C-P=0O moiety, which facilitates the formation of stable metal complexes [46].
The pH condition is a critical parameter for this complex formation, as it heavily depends
on the deprotonation degree of the phosphonic acid groups. Since the pKal of ALE
is approximately 2.43 [51], the complex formation was promoted under highly acidic
conditions (pH < 2). The progress of the complex formation was monitored using UV-Vis
spectroscopy in the wavelength range of 200 to 300 nm, with the gradual addition of
a calibrated amount of an acidic Fe(Ill) ion solution into an acidic aqueous dispersion
containing the ALE-conjugated micellar nanostructures (Figure 4C) [46].

Prior to the introduction of the acidic Fe (III) ion solution, the UV-Vis absorption
spectrum of the micellar nanostructures loaded with VitD3 and conjugated with ALE
exhibited a band centred at 265 nm, due to the incorporation of the VitD3 in the micellar
core (heavenly line, Figure 4C). As the Fe (III) ions were added, the formation of the Fe(III)
ion—ALE complex occurred; the absorption band of the complex at 260 nm (Figure S4B, see
Supplementary Materials) is hidden by the overlapping strong absorption signal of the
VitD3 that falls in the same spectral range. When a new peak emerges at 240 nm (Figure 4C),
ascribable to free Fe(Ill) ions in the acid solution (as shown in the UV-Vis spectrum in
Figure S4A, see Supplementary Materials), this indicates that all the ALE molecules on the
micellar surface have been complexed [46].

The quantitative evaluation of the amount of ALE covalently conjugated onto the
micellar nanostructures resulted in an average concentration of (5.5 &+ 0.5) x 1074 M.

2.3. Binding Affinity Assay

HA NPs, synthesized using the method reported in Boanini et al. [33], were used to
assess their binding affinity with the ALE-conjugated micellar nanostructures. The rationale
behind this evaluation was rooted in the composition of natural bone, wherein 70% of
the mineral phase comprises 95% HA. Furthermore, previous studies have proved that
BPs, including ALE, exhibit a robust affinity for bone mineral HA [52-56]. Consequently,
given this inherent affinity, it is postulated that during the metastatic process, HA may
function as a binding receptor for nanosystems conjugated with ALE [57]. The TEM and
field emission scanning electron microscopy (FE-SEM) investigation proved the formation
of elongated NPs that appeared as needle-like flakes; the statistical analysis based on the
TEM investigation (Figure 5A,B) gave an average length of about 58 nm (0% = 5%).

The chemical composition of the HA NPs derived from the SEM-EDX (energy-dispersive
spectroscopy) analysis, reported in Figure 5(A1,A2), provides a Ca/P mole ratio of 1.67 [58],
in good accordance with the expected theoretical value [59]. The binding affinity assay was
carried out by incubating at 37 °C the luminescent ALE-conjugated VitD3/C-dot micellar
nanostructures with the ‘as synthesized” HA NPs. After 5 h, the HA NPs decorated with
the luminescent nanostructures were recovered by centrifugation, re-suspended in PBS,
and analyzed by PL spectroscopy (Aex = 405 nm). For comparison, the same experimental
procedure was used for the non-conjugated VitD3/C-dot micellar nanostructures. By
examining the integrated area of the PL spectrum before and after the affinity binding
assay for both non-conjugated and ALE-conjugated micellar nanostructures, (Figure 5D),
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the binding affinity percentages with HA NPs were estimated as approximately 56% and
19% for the ALE-conjugated and non-conjugated samples, respectively. This suggests that
a slight non-specific adsorption of the micellar surface on HA NPs concurrently takes place.
Nevertheless, the enhanced binding percentage calculated for the ALE-conjugated micellar
nanostructures on HA NPs suggests that micellar formulations grafted with ALE could
serve as promising candidates for active bone targeting, owing to their favourable affinity
for the primary inorganic component of bone.
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Figure 5. Representative FE-SEM micrograph (A), EDX element spectrum (A1), element content
table (A2), and representative TEM micrograph of the HA nanoparticles (B). PL spectra, before and
after incubation with HA NPs, of the non-conjugated (C) and ALE-conjugated (D) VitD3/C-dot
micellar nanostructures. Table reporting the binding percentage for the non-conjugated and ALE-
conjugated samples obtained by estimating the integrated area under the PL spectrum, before and after
the incubation of each sample with the HA NPs. The data are presented as means + S.D (n = 3) (E).

3. Materials and Methods
3.1. Materials

The citric acid (anhydrous), ODE (technical grade 90%), HDA (98%), cholecalciferol
(Vitamin D3, MW: 384.64 g/mol), ferric chloride hexahydrate (FeCls-6H,0), calcium nitrate
tetrahydrate (Ca (NOs),-4H,0O), ammonium phosphate (NH4H,;PO4) and sodium hydrox-
ide (NaOH), 4-aminobutyric acid, thionyl chloride (S0Cl,), and tris(trimethylsilyl) phos-
phite were purchased from Sigma (St. Louis, MO, USA). The 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy (poly(ethylene glycol))-2000] (16:0 PEG2000 PE, ammo-
nium salt) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene
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glycol)-2000] (DSPE-PEG(2000)—carboxylic acid, sodium salt) were purchased from Avanti
Polar Lipids, while the 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC) and N-hydroxylsulfosuccinimide (sulfo-NHS) were purchased from Pierce. The
perchloric acid (HCIO4) was purchased from Fluka. All solvents (Sigma-Aldrich) were
of analytical grade. The qqueous solutions were prepared using water obtained from a
Milli-Q gradient A-10 system (Millipore, Burlington, MA, USA).

3.2. Preparation of PEG-Micellar Nanostructures Loaded with C-Dots and VitD3

The colloidal C-dots were synthesized and purified as previously described [60].
Briefly, the process involved the thermal carbonization of citric acid in the presence of ODE
as a high-boiling point solvent and HDA as a surface ligand and nitrogen source. Prior to
the synthesis, all reactants were thoroughly dried and degassed and the synthetic process
took place under an inert nitrogen atmosphere using a Schlenk line. Here, 1.5 g of HDA
was dissolved in 26 mL of ODE under vacuum conditions at 100 °C for 30 min; then, the
temperature was raised above the decomposition point of citric acid (153 °C) and 1 g of
citric acid was quickly added into the reaction mixture at 200 °C. The reaction proceeded
for 3 h before being quenched by cooling to 25 °C. To purify the resulting C-dots, numerous
cycles of non-solvent precipitation and re-dispersion in acetone were performed and then
the purified C-dots were dispersed in chloroform, ready for further characterization and
their encapsulation into micellar nanostructures.

For the preparation of the micellar nanostructures co-encapsulating C-dots and VitD3
(VitD3/C-382 dots/Micelles), 0.15 mL of C-dots (18 mg/mL) and calibrated amounts of
VitD3 (1 mg/mL, chloroform solution) were added to the chloroform solution containing
PEG-PE and DSPE-PEG-COOH (molar ratio 4:1) at a final volume of 5 mL. Depending
on the final concentration of VitD3, the chloroform volumes ranged from 3.7 to 4.3 mL.
After the removal of the organic solvent via evaporation, a film composed of VitD3/C-
dot/PEG-modified lipids was obtained; then, it was kept under vacuum conditions for
2 h and reconstituted in phosphate-buffered solution (2 mL of 10 mM PBS, pH 7.5). Three
cycles of heating (T = 80 °C) and cooling at room temperature were carried out to obtain
the VitD3 and C-dot-loaded micellar nanostructures. The samples were purified firstly via
centrifugation at 5000 g for 1 min to remove the non-encapsulated C-dots or VitD3 and
then by using Centricon Plus-70 (membrane Ultracel-PL, 100 kDa, Millipore). Finally, the
suspension was ultracentrifugated at 200,000 x g for 4 h to eliminate the empty micelles that
remained suspended while the pellet was recovered and dispersed in PBS. The luminescent
micellar nanostructures loaded with C-dots only were prepared by following the same
procedure described above, without the addition of the VitD3 to the chloroform solution
and omitting the final step of ultracentrifugation.

The quantitative evaluation of the amounts of C-dots actually encapsulated in the
lipid nanostructures was performed by freeze-drying the samples (1 mL, aqueous solution)
for 24 h at —60 °C (ax 1—4 LSC model, CHRIST freeze-dried, Osterode am Harz, Germany)
and treating them with 1 mL of chloroform to induce the rupture of the micellar structures
and to promote the dispersion of oil-soluble C-dots in the organic solvent. A calibration
curve was plotted by performing steady state photoluminescent (PL) measurements (at an
excitation wavelength of 375 nm) on the organic solutions containing the phospholipids at
the fixed concentration of 7.5 mg/mL and with C-dot concentrations in the range between
21 and 324 pg/mL [38], as reported in Figure S2 (see Supplementary Materials).

3.3. Determination of Loading and Encapsulation Efficiency Percentages of Vitamin D3 and In
Vitro Release Study

The encapsulation efficiency (EE%) and drug loading (DL%) results were obtained by
evaluating the VitD3 contents in the freeze-dried samples. Each sample was treated firstly
with chloroform and then, upon solvent evaporation, with methanol to extract and solu-
bilize the VitD3. After centrifugation, the supernatants were characterized using UV-Vis
absorbance spectroscopy (PerkinElmer (Waltham, NA, USA) Lambda 20 UV VIS Spec-
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trophotometer). A calibration curve was obtained by recording the maximum absorbance
value at 265 nm for standard methanol solutions containing VitD3 in the concentration
range of 0.1 to 1 mg/mL, as reported in Figure S3A,B (see Supplementary Materials).

The obtained EE% was as follows:

EE% = (W/W;) x 100 1)

where W, is the total amount of VitD3 in the micellar nanostructures and W; is the total
amount of therapeutic compound added as a starting feed in the preparation process.

The DL% is the effective amount of drug (in weight) incorporated in the micellar
system, which was calculated as follows:

DL% = (W¢/Wpic) % 100 @)

where Wy is the weight of the micellar nanostructures.

A Franz diffusion cell was used to perform the in vitro release study of VitD3 from
micellar nanostructures in PBS (10 mM, pH = 7.4) at 37 °C under magnetic stirring. A
cellulose acetate membrane with an average pore size of 0.2 um (Fisher Scientific Milano,
Milan, Italy) was placed between the donor and receptor chambers. Here, a 500 puL
dispersion of VitD3/C-dot micellar nanostructures in PBS was introduced into the donor
chamber and 9 mL of PBS solution was added to the receptor chamber. At scheduled
times, 400 pL of receptor solution was taken within 24 h and an equal volume of PBS
was added to the receptor chamber. Each collected solution fraction was analyzed using
UV-Vis absorbance spectroscopy to evaluate the drug content by using the calibration curve
described previously. The in vitro release experiments were carried out in triplicate.

3.4. Synthesis of Alendronic Acid

The alendronic acid (4-amino-1-hydroxybutane-1,1-diyl)bis(phosphonic acid (4 in
Scheme 1) [47] was prepared starting from the commercially available 4-aminobutyric
acid (1), which was allowed to react with phthalic anhydride in toluene under reflux
conditions for 5 h, in the presence of a catalytic amount of triethylamine (Et3N). Then,
the reaction mixture was allowed to reach room temperature and the N-phthaloyl butyric
(2) was extracted with EtOAc and isolated after the solvent was distilled under reduced
pressure (79% yield of step (a) in Scheme 1). The N-phthaloyl butyric acid (3, 2.02 mmol)
was solubilized in SOCl, (5.9 mL) and refluxed for 3 h. The solvent was evaporated
under reduced pressure, affording a white solid, which in turn was dissolved in dry
tetrahydrofuran (THF) (4 mL) at 0 °C before the addition of tris(trimethylsilyl)phosphite
(2.02mL, 6.06 mmol) for 40 min. Then, the mixture was stirred for 16 h at room temperature.
The methanol (MeOH) (3 mL) was added and the resulting solution was stirred for 5 h at
room temperature. The solvent was evaporated under vacuum conditions and the white
solid was washed three times with a toluene/hexane mixture (1:1) (10 mL), then with
diethyl ether and dried under vacuum, obtaining intermediate 3 (98% yield of steps (b), (c),
and (d) in Scheme 1). A solution of 3 (2.01 mmol) in 12 N HCI (17 mL) was refluxed for 22 h.
The solvent was removed under reduced pressure, obtaining a white solid that was washed
with ethanol (70 mL) at 70 °C. The alendronic acid (4) solid was then isolated via filtration
of the solution, washed with warm ethanol, and dried under vacuum conditions (74%
yield of step (e) in Scheme 1). 1TH NMR (500 MHz, D20 /NaOD, éppm): 1.32-1.36 (m, 2H),
1.47-1.50 (m, 2H), 2.22 (t, ] = 7.5 Hz, 2H). 31P NMR (202 MHz, D20/NaOD, dppm): 18.96 (s,
2P) (1H and 31P NMR spectra are reported in Figure S5 of the Supplementary Materials).

3.5. Alendronate Bioconjugation of the Micellar Nanostructures Loaded with C-Dots and
Vitamin D3

The alendronate sodium trihydrate (4-amino-1-hydroxy-1-phosphonobutyl phospho-
nic acid, monosodium, ALE) was synthesized as previously reported [47]. The carboxylic
groups on the micellar surface were activated in PBS buffer (10 mM, pH = 7.4) using
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sulfo-NHS/EDC at a molar ratio of 1:10 for 15 min at 25 °C. Then, after removing the
sulfo-NHS/EDC excess using Centricon Plus-70 (100 kDa, 5000 % g, 10’, Millipore), the ALE
was added to the aqueous dispersion containing the amine-reactive micellar nanostructures
at a final concentration of 1.4 x 10~2 M and left to react overnight (25 °C). Subsequently, the
ALE-conjugated lipid nanostructures were purified using Centricon Plus-70 and washed
with PBS butffer to remove unreacted cross-linking molecules. For the evaluation of the
ALE content conjugated on the micellar surface, an assay based on the formation of a
chromophore complex between ALE and iron (III) ions was performed, according to the
procedure reported by Kuljanin et al. [46]. Briefly, an aqueous dispersion of the ALE-
conjugated lipid nanostructures was diluted with an aqueous solution of perchloric acid
(2N, pH < 2). Subsequently, a solution of FeCl; 10~2 M in HCIO; (0.2 N) was added
dropwise until the formation of the complex was complete. After each addition, the for-
mation of the ALE/iron complex with absorption at A = 260 nm was monitored using
UV-Vis spectroscopy.

3.6. Binding Assay to Synthetic Hydroxyapatite

The HA NPs were synthesized by mixing a calibrated amount of 10 mL of 100 mM
Ca(NO3),-4H,0 solution and 10 mL of 65 mM NH4H;PO,4 (pH = 10), as reported by
Boanini et al. [33]. In particular, 10 mL of Ca(NO3),-4H,O aqueous solution was heated
at 90 °C and the NH4H;PO4 aqueous solution was added dropwise under stirring. The
mixture (20 mL, final volume) was allowed to react for 5 h, then the pellet recovered via
centrifugation and dispersed in PBS.

To evaluate the binding affinity of the micellar nanostructures to bone, VitD3 /C-dots/micelles
(11 mg/mL), used as the control, and VitD3/C-dots/ ALE-micelles (11 mg/mL) were incubated
with HA NPs (500 pL, 0.6 mg/mL) at 37 °C for 1 h. Then, the incubated samples were
centrifugated and the pellet was dispersed in 500 pL of PBS. These solutions were analyzed
via steady-state PL measurements.

3.7. DLS Investigation and (-Potential Measurements

A Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershires, UK) system was
used to evaluate the mean hydrodynamic diameter, polydispersity index (PDI), and ¢-
potential values for all of the samples, which were dispersed in PBS buffer (10 mM pH 7.4),
as previously reported [61].

3.8. TEM and SEM Investigation

The TEM analysis was performed using a Jeol TEM-1011 microscope, provided with an
Olympus Quemesa Camera (11 Mpx, Olympus, Tokyo, Japan). The samples were prepared
by depositing on a carbon-coated Cu grid (400 mesh) a drop (5 L) of C-dots or the micellar
nanostructure solution. For sample staining, the grid was placed on the top of a drop of an
aqueous phosphotungstic acid solution 2% (w/v) for 30 s, after the evaporation solvent.
Then, the grid was washed with ultrapure water and left to dry. A statistical size analysis
was performed on the C-dots samples using the Image ] 1.53e analysis program.

Field emission scanning electron microscopy (FE-SEM) was performed using a Zeiss
(Oberkochen, Germany) Sigma microscope operating in the range of 0.5-20 kV and
equipped with an in-lens secondary electron detector and an INCA energy-dispersive
spectroscopy (EDS) detector. The HA spray-dried samples were mounted onto stainless
steel sample holders using double-sided carbon tape and grounded by silver paste.

3.9. FTIR-ATR Characterizazion

The FTIR characterization was carried out using a 670 FTIR spectrometer (Varian,
Palo Alto, CA, USA) with a diamond ATR accessory measuring 2 mm and a deuterated
molecules of tryglicine sulfate (DTGS) detector. Five microliters (5 puL) of each sample were
placed on the internal reflection element and the solvent was allowed to evaporate. The
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spectra were recorded in the range of 4000-400 cm ™!, acquiring 16 scans with a nominal

resolution of 1 ecm™1!.

3.10. Photophysical Investigation

A Cary 5000 (Varian) UV-Vis/NIR spectrophotometer and a Fluorolog 3 (HORIBA
Jobin-Yvon) spectrofluorometer, equipped with a time-correlated single photon counter
(TCSPC), were used to record the UV-Vis absorption and PL emission spectra, respectively.
A “Quanta-phi” (HORIBA Jobin-Yvon, Palaiseau, France) integrated sphere coated by Spec-
tralon was used for the evaluation of the PL emission and absolute quantum yield (QY) of
the C-dots dispersed in the organic solvent and of the luminescent micellar nanostructures
dispersed in aqueous solution at the excitation wavelength of 360 nm.

4. Conclusions

Novel, optically traceable, PEG-stabilized micellar nanostructures were successfully
designed and fabricated for the targeted delivery of VitD3. A comprehensive optical
and morphological characterization process substantiated the relevant colloidal stability
of these innovative nanoformulations in aqueous solutions, with an average diameter
measuring less than 200 nm. The concentration of ALE conjugated on the micellar surfaces
was quantified using a method reliant on the formation of a chromophoric Fe(III) ion-ALE
complex. The optical emission properties of the C-dots were still preserved after their
incorporation into the hydrophobic micellar core, suggesting that the obtained optically
traceable nanostructures can act as luminescent probes if exploited for in vitro studies.
Furthermore, the HA NPs were synthesized and characterized in terms of their morphology
and chemical composition. These HA NPs were used to assess the potential ability of
the ALE-conjugated nanostructures towards the primary component of the rigid bone
structure. The overall findings underscore the efficacy of the mentioned nanoformulations
as promising and novel optically traceable candidates for their use in in vitro studies,
serving in the initial stages for validation in achieving efficient active bone targeting.
Ultimately, this could pave the way for their prospective application in addressing SREs
associated with cancer metastases in the future.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/molecules29102367/s1. Figure S1. PL emission spectra of micellar
nanostructures prepared at different starting C-dot/PEG-phospholipid weight ratio percentages.
Figure S2. Calibration curve of C-dots assessed using PL spectroscopy (Aex 360 nm) and the absolute
QY (%) of C-dots in CHCI3 dispersion and C-dots/micelles, VitD/C-dots/micelles, and VitD/C-
dots/ ALE-micelles nanoformulations redispersed in CHCl3. Figure S3. UV-Vis absorption spectrum
of the VitD3 and the calibration curve of the VitD3. Figure S4. UV-Vis absorption spectrum of
Fe3* and synthesized ALE-Fe** complex. Figure S5. The 1H and 31P NMR spectra of the target
alendronate.
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Abstract: Fluorescence lifetime imaging microscopy (FLIM) has proven to be a useful method for
analyzing various aspects of material science and biology, like the supramolecular organization
of (slightly) fluorescent compounds or the metabolic activity in non-labeled cells; in particular,
FLIM phasor analysis (phasor-FLIM) has the potential for an intuitive representation of complex
fluorescence decays and therefore of the analyzed properties. Here we present and make available
tools to fully exploit this potential, in particular by coding via hue, saturation, and intensity the
phasor positions and their weights both in the phasor plot and in the microscope image. We apply
these tools to analyze FLIM data acquired via two-photon microscopy to visualize: (i) different phases
of the drug pioglitazone (PGZ) in solutions and/or crystals, (ii) the position in the phasor plot of
non-labelled poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs), and (iii) the effect of PGZ or
PGZ-containing NPs on the metabolism of insulinoma (INS-1 E) model cells. PGZ is recognized
for its efficacy in addressing insulin resistance and hyperglycemia in type 2 diabetes mellitus, and
polymeric nanoparticles offer versatile platforms for drug delivery due to their biocompatibility and
controlled release kinetics. This study lays the foundation for a better understanding via phasor-FLIM
of the organization and effects of drugs, in particular, PGZ, within NPs, aiming at better control of
encapsulation and pharmacokinetics, and potentially at novel anti-diabetics theragnostic nanotools.

Keywords: fluorescence lifetime imaging microscopy (FLIM); pioglitazone characterization; insulinoma
(INS-1) cells; PLGA nanoparticles; phasor-FLIM analysis; MATLAB tool; drug delivery

1. Introduction

Fluorescence lifetime analysis (FLA) has demonstrated significant potential for non-
invasive, real-time analysis across a diverse range of compounds and materials. Specifically
within biomedicine, it has been applied in several key areas, like (i) measurement of
intracellular biochemical parameters [1-7], (ii) resolving the physical state of encapsulated
fluorescent drugs [8-18]; and (iii) biomedical diagnostics and neuroscience research [19-27].

Fluorescence lifetime imaging microscopy (FLIM), unlike traditional fluorescence
microscopy where the contrast is given by emission intensity, delves into the time dimension
of fluorescence decay. In the simplest implementation, the contrast is given by fluorescence
lifetime, the average time a fluorophore remains in the excited state before emitting a
photon. This temporal information can unveil valuable insights into the microenvironment,
molecular interactions, and biochemical properties of fluorophores since fluorophores
exhibit characteristic fluorescence decay patterns influenced by their surroundings. These
decay patterns provide a quantitative means to assess molecular processes, such as energy
transfer, molecular binding, and changes in local pH. In particular, FLIM has been widely
used to analyze cells’ metabolic states, starting with the pioneering work of Ragan et al.
(1969) focused on the oxidation-reduction changes in flavin and pyridine nucleotides in
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perfused rat liver [28]. Lakowicz et al. (1992) conducted work on imaging the short-lived
fluorescence of both free and protein-bound NADH, determining the changes in their
ratio, a critical parameter for assessing cellular metabolism [29]. Ferri et al. (2020) recently
exploited this parameter for investigating the metabolic response of Insulinoma 1E cells to
glucose stimulation, and Azzarello et al. (2022) used it to examine the metabolic response
of oc and f3 cells to glucose in living human Langerhans islets [30,31].

However, the average lifetime is not always enough to characterize the decay patterns;
one can study the complete decay curves, fitting them with multiexponential decays, in
order to dissect various contributions in each pixel of an image. However, fit parameters
often have too big uncertainties, especially if the single component lifetimes are too close
(closer than a factor of 2 or 3) and if the measurements are noisy, as it happens especially in
the case of fast measurements. Moreover, each component is characterized by an amplitude
and a lifetime, and all these parameters are not always easy to represent in an image. A
valid alternative for representing FLIM data is given by the phasor approach (phasor-FLIM):
this involves transforming fluorescence decay data into points on a phasor plot, essentially a
two-dimensional representation in the complex plane of the Fourier transform of the decay
curve at a fixed frequency, with real component G on the x-axis and imaginary component
S on the y-axis. Each pixel in a FLIM “image” is mapped to a position in the phasor plot,
creating clusters of data points that represent various fluorescence decay characteristics. In
the case of a monoexponential decay, expected for a simple pure compound in solution, the
phasor falls along the universal semicircle (centered on (1/2, 1/2) and with radius 1/2, for
positive S), with shorter lifetimes more on the right; for bi- or multi-exponential decays, the
phasor falls within this semicircle. When more than a compound is present in a pixel, the
phasor falls in a position given by the average of the phasors of each compound weighted
by the contribution of the compound to the total intensity of fluorescence in that pixel; in
simpler terms, the phasor position in such cases is given by the linear combination of the
ones of pure compounds. This aspect provides valuable and intuitive insights into the
compounds composition within a pixel of an image, allowing for a more comprehensive
understanding of complex molecular environments.

For example, Stringari et al. (2011) utilized the phasor approach to distinguish various
metabolic states of germ cells in live tissue, providing crucial insights into cellular metabolic
function [2]. A recent study by Tentori et al. (2022) demonstrated the utility of phasor-
FLIM in unveiling the supramolecular organization of doxorubicin (DOX) in the standard
Doxoves® liposomal formulation (DOX®), underscoring its potential in elucidating the
complex interplay between nanoparticles and biological systems. They determined that
DOX® includes three different fractions: crystallized DOX (98%), free DOX (1.4%), and
an unexpected liposomal-membrane-bound DOX (0.7%); relative concentrations were
determined through phasor-FLIM and spectroscopy on pure standards, demonstrating
applicability for studying the state of encapsulated drugs from the production to within
living matter [15]. A bottleneck that still affects FLIM adoption by a broader audience is the
lack of a facile tool for presenting in an intuitive way the large amount of data generated,
particularly for researchers without extensive expertise in data analysis [32]. There are some
pieces of software developed to this aim: commercial ones such as those provided by Becker
& Hickl GmbH (Berlin, Germany), PicoQuant (Berlin, Germany), or Leica Microsystems
(now part of Danaher, Washington, DC, USA), and a few freely distributed ones such as
SimFCS, FLUTE, PAM and one developed by some of us [33-36]. However, they are still
limited in representing the whole two-dimensional phasor plane in the FLIM image, using
a color scale changing mostly in one direction within the phasor plot or just highlighting in
the image a subset of the phasor plot.

From a biomedical point of view, polymeric nanoparticles (NPs), and in particular
poly(lactic-co-glycolic acid) (PLGA), have garnered significant interest as versatile drug
delivery platforms due to their biocompatibility, controlled release kinetics, and tunable
physicochemical properties [37-39]. Recent advancements in nanoparticle engineering,
including surface modification and functionalization, offer opportunities to enhance drug
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encapsulation efficiency, target-specific delivery, and cellular uptake [40-51]. In particular, a
drug that would benefit from an NP formulation is pioglitazone (PGZ), a thiazolidinedione
derivative, which is a well-known pharmacological agent for addressing insulin resistance
and hyperglycemia in type 2 diabetes mellitus (T2DM) patients. Metabolic disorders, such
as T2DM, present a significant global health challenge, driving the exploration of innovative
monitoring devices for diabetes management and therapeutic approaches to mitigate
associated complications and improve patient outcomes [52,53]. In this context, the PGZ
mechanism of action involves the activation of peroxisome proliferator-activated receptor
gamma (PPARY), a nuclear receptor pivotal in regulating glucose and lipid metabolism,
adipogenesis, and inflammation. Despite PGZ’s clinical efficacy, challenges related to
its pharmacokinetic properties, including low solubility and bioavailability, underscore
the importance of exploring innovative drug delivery strategies to optimize therapeutic
outcomes. A recent study from Todaro et al. (2022) elucidated the most reliable synthesis
method for PGZ-loaded PLGA nanoparticles, highlighting the potential of PLGA as a
suitable nanocarrier material and demonstrating controlled release capabilities for PGZ [54].
The nanoprecipitation method employed for these formulations has proven effective,
showecasing favorable attributes such as size, polydispersity index, encapsulation efficiency,
drug loading, cost-effectiveness, and processing time [54]. The successful synthesis and
characterization of PGZ-loaded PLGA NPs set the stage for a deeper investigation into the
drug’s intrinsic fluorescence signals. Among all the methods available for the polymeric
NPs characterization [55-62], FLIM can play an important role in terms of manufacturing
process control, and also explain drug pharmacokinetics properties.

Here, we present and make available a tool (coded in MATLAB) that maps the whole
phasor plot to different hue and saturation values and represents the distribution in the
phasor plot with an intensity that considers each pixel intensity in the image. The color map
can be chosen in different ways, in order to characterize more than two possible coexisting
decays characteristics of possibly different fluorescent molecules.

As a proof of concept, we apply this tool to the study of different phases of PGZ, and we
analyze its effects (both when free and encapsulated within NPs) on the metabolism of INS-
1E cells, an insulinoma cell line. Indeed, the investigation presented in this article exploits
PGZ intrinsic fluorescence to collect information regarding its physical state through
the application of FLIM, by analyzing the differences in the fluorescence decay of PGZ
when existing in various states, such as dry crystalline, solvated, or dissolved forms.
Furthermore, we present the observed phasor distributions for PLGA nanoparticles, empty
or encapsulating PGZ. Finally, we investigate cellular NAD(P)H autofluorescence variations
between its free and bound form in the presence of PGZ-loaded PLGA nanoparticles.

2. Results

We developed an algorithm, implemented in MATLAB R2017B (and tested in version
R2023B), which allows determining at a glance the position in the phasor plot of the phasor
corresponding to each pixel in the image; in the phasor plot, the phasors distribution is
weighted with the intensity in each pixel, and is shown with colors corresponding to the
ones in the image. The colors are determined in order to highlight the position of the
phasors with respect to chosen “principal” points in the phasor plot, ideally corresponding
to the position for pure fluorophores, and in particular with respect to the segments joining
them. The first examples of this representation are reported in Figure 1, using the same
color coding in every image, with a light gray triangle superimposed on the phasor plots
that highlights the considered principal points at its vertices; the choice of these principal
points will be explained in the following section. Intensities are shown in a linear but
also in a logarithmic scale, in order to appreciate the shape of the observed features, but
also the less intense “tails” of the phasor distribution and the less intense pixels in the
image, respectively.
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Figure 1. Characterization of free PGZ using FLIM. For each panel, on the left are reported the FLIM
images and on the right the phasor plots (with corresponding colors): (A) PGZ solid, (B) PGZ in DMF
at 37 °C at time 0, (C) PGZ in DMF at 37 °C at 20 min, (D) at 30 min, (E) at 50 min, and (F) at 55 min
in a different position; in the phasor plot, vertices of the triangle correspond to the “principal” points,
and the “center” point, where the saturation is 0 (see Sections 3 and 4.5) is shown in cyan. For all the
panels: on top, figures with a linear intensity scale (normalized to maximum); on the bottom, the
same figures with a logarithmic intensity scale starting from a 0.01 fraction of the maximum intensity
in the image; on the right these intensity scales are shown in corresponding positions for various
values of hue and saturation. Note how the evaporation of DMF with time causes the formation of
PGZ crystals, and that the used color coding based on the position of the phasor plot for each pixel
allows appreciating at a glance the different forms of PGZ and their position within the images. The
side of the square microscopy image is 106 um here and in all the following figures.

2.1. Phases of Pioglitazone (PGZ)

The data reported in Figure 1 derive from a detailed examination, employing FLIM, of
free PGZ in different conditions.

Initially, solid PGZ was examined on a glass slide, revealing a monoexponential decay
characterized by a very short lifetime (phasor on the universal semicircle at high S and
low G; Figure 1A); to this point, we assigned a hue of 1/3, corresponding to green. In
parallel with what was observed on doxorubicin [5], we consider the observed short life-
time indicative of the crystalline nature of solid PGZ; the shortness of the lifetime is most
probably caused by self-quenching of PGZ molecules strongly interacting with each other
in the close packing of the crystal. We then analyzed PGZ dissolved in dimethylformamide
(DME), a solvent where it is highly soluble, differently than in water (we did not observe
enough fluorescence intensity from a saturated solution of PGZ in water to determine its
decay characteristics with our setup). DMF-solved PGZ presents an almost monoexponen-
tial decay at a longer, intermediate lifetime (Figure 1B, time 0 from the positioning of a
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drop of DMF with solved PGZ on the microscope cover glass). We assigned to this phasor
position a hue of 0 (and 1), corresponding to red. Notice that we also measured a pure DMF
solution, finding no autofluorescence (and therefore positions in the phasor plot close to the
origin of axes, as expected for noise or for light uncorrelated with the pulsed laser reaching
the detector). Leaving the drop at 37 °C, the DMF started to evaporate, the PGZ reached
saturation, and crystals started to grow within the solution (Figure 1C,D). Unexpectedly,
the phasor position in the pixels corresponding to these observed crystals did not fall close
(or tended towards) the “green” point mentioned above; instead, they tended towards a
different point in the phasor plot, corresponding to a longer multiexponential lifetime, and
to which we assigned a hue of 2/3 corresponding to blue. We consider this a sign of a
different crystal form, a “solvated crystal”, where many DMF molecules (or possibly water
impurities, since we did not use anhydrous DMF and all the experiments were performed
in air, containing some humidity) enter in the composition of the crystal and influence the
interactions amongst PGZ molecules. Note that in Figure 1C, with intensities represented
with a linear scale, the two populations of the bright but less abundant pixels with solvated
crystal and the dim but much more numerous pixels with solved PGZ are both visible in the
phasor plot (while the last population would overwhelm the first one employing standard
representations of the phasor plot), but this last population red color is not appreciable
in the image on the left. Instead, using a logarithmic intensity scale, the “red” part of the
image is evident, and the crystals can be seen in their entirety; in the phasor plot, a “smear”
connecting the “blue” and “red” principal points is visible, and this corresponds to pixels
where the point spread function contained both part of a crystal and part of the solution.
In Figure 1D, a shift of the average phasor towards the crystalline region is observable,
indicating the progression of crystallization, evident also from the higher number of bigger
crystals in the image on the left. Moreover, some low-saturation points, also towards
a green color, start to appear (visible especially in the figure with logarithmic intensity
scale), indicative of the fact that some crystals more similar to the original ones begin to
form. Subsequent analysis at 50 and 55 min revealed fluorescence arising predominantly
from a crystalline sample, evidenced by a significant shift towards very short lifetimes in
the phasor analysis (Figure 1E,F). These observations underscore the dynamics of PGZ
dissolution and crystallization over time, allowing for the conceptualization of a triangle,
with the three reference species (the solid form, the solved form, and the “solvated crystal”
form of PGZ) at its vertices.

2.2. Phasors of PGZ-Loaded PLGA NPs

Subsequently, empty PLGA nanoparticles and PGZ-loaded PLGA NPs were syn-
thesized and analyzed. The synthesis of these samples was carried out as previously
described, with slight modifications [54]. The characterization of three independent formu-
lations is shown in Table 1, demonstrating reproducibility over size, PDI, Z potential, and
encapsulation efficiency.

The samples were analyzed at the microscope using FLIM. Unfortunately, repeating
the experiments on different batches we observed very different values of fluorescence
intensities and phasor positions. For both types of samples, phasors fell approximately
along a line connecting the origin (phasor position of noise) and a point shown in the top
right graph of panels A-E of Figure 2 as a light gray cross; this line passes very close to
the vertex of the triangle corresponding to the solvated phase of PGZ. Moreover, for both
samples, the phasors in case of high enough fluorescence were close to the point cited
above. Some examples of these measurements are reported in panels A-D of Figure 2, on
top of each panel with the same color coding and linear intensity scale used for the top
half of each panel in Figure 1. Being a dispersion, in the images reported on the left part
we can see a quite uniform field, with some possible aggregates (possibly moving during
the measurements) visible especially for the experiments with the lowest fluorescence.
These behaviors did not depend on the buffer where the NPs were dispersed (we used
PBS and RPMI, the last for comparison with experiments in cells reported below). In
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order to understand the origin of these fluorescence decay characteristics, we measured
the lifetime characteristic of solid PLGA, discovering an unexpected fluorescence, whose
characteristic phasor fell on the point cited above (see Figure 2E). In this case, the observed
image reported on the left is not optimal, most probably because we used the standard
setup, and in particular an objective with silicon o0il as immersion medium, to visualize
a piece of mostly transparent solid placed on a cover glass in the air; in any case, the
fluorescence decay characteristics do not depend on the quality of the image.

Table 1. Size distributions measured using a Zetasizer Nano ZS equipment (Malvern Instruments Ltd.,
Worcestershire, UK), and encapsulation efficiency (EE) % measured using an analytical RP-HPLC
(Shimadzu Nexera UHPLC, equipped with a Shimadzu SPD-M20A UV /visible detector) instru-
ment. The hydrodynamic radius = SEM (standard error of the mean), polydispersity PDI + SEM,
¢ potential = SEM, and PGZ encapsulation efficiency % 4 SEM are indicated. Results from n =3
repetitions of measures on each of the N = 3 independently manufactured nanoparticle batches (total
of 9 measurements).

¢ Potential

Size (nm) PDI (mV) EE %
PGZ-loaded Average 143.32 0.25 —11.27 27.37
PLGA NPs SEM 2.61 0.02 0.21 0.67
Average 131.92 0.12 —13.76 /
Empty NPs
SEM 3.76 0.01 2.11 /

These experiments demonstrate the possibility of measuring PLGA nanoparticles with
phasor-FLIM; however, the too high noise, the autofluorescence of the used PLGA most
probably overwhelming the one of the encapsulated PGZ, and the closeness of the PLGA
phasor to possible ones characterizing the PGZ do not allow for understanding the state
of PGZ within the PLGA. One could check if different batches of PLGA present lower
autofluorescence, and try to obtain more concentrated NPs colloids, but this is going beyond
the scope of this work. We wanted to explore all the possible positions for the phasors
linked to fluorescence arising from our NPs and to understand if there would be some
fluorescence arising from them in the measurements presented in the following section.

In the images discussed above (top part of each panel A-E in Figure 2), all the phasors
result in being blue/violet, even if they are in different positions. For the purpose of
highlighting even more the potential of our algorithm in presenting phasor-FLIM data,
we show in the bottom part of panels A-E of Figure 2 the same data, but using more and
different “principal points” (in a clockwise order: the origin, the average phasor measured
in a RPMI solution as shown in Figure 3A below, the point for solvated PGZ, and the
average phasor position for solid PLGA, for dissolved PGZ, and for dry crystalline PGZ).
This representation allows for easily visualizing the different observed decay characteristics
for the NPs colloids. In particular, in panels A and B of Figure 2 we observe the same cyan
color of PLGA, as shown in panel E. In panel C, we see a phasor distribution elongated
along the line connecting the origin (or the RPMI typical phasor) with the PLGA phasor,
intermediate between these points, with a green color. In panel D, we observe a phasor
distribution closer to the “noise zone”, and the different red to yellowish-green colors are
quite mixed in the image on the left, demonstrating that the distribution is mostly caused by
noise in the measurements, with just some possible aggregates with a more yellowish-green
color, more towards the PLGA /NP typical phasor.
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Figure 2. Characterization of empty PLGA nanoparticles and PGZ-loaded PLGA NPs using FLIM.
For each panel, on the left are reported the FLIM images and on the right the phasor plots (with
corresponding colors) for exemplary cases for NPs (A-D) and for solid PLGA (E): (A) empty PLGA
NPs in RPMI, (B) PGZ-loaded PLGA NPs in RPMI, (C) empty PLGA NPs in PBS, (D) PGZ-loaded
PLGA NPs in PBS, (E) solid PLGA. A linear scale was used for the intensity normalized to the
maximum in each picture (like on top in Figure 1; color scale reported in panel (F)). Two color codes
were used, one like in Figure 1 (top figures in each panel), one with additional principal points (see
main text), as shown in the right bottom figure in each panel (vertices of the polygon and light gray
crosses), with hue of 0/1 at (0,0) and increasing clockwise, and a “center” point (cyan x) inside but
towards the bottom of the polygon.
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Figure 3. FLIM of PGZ and of INS-1E cells in RPMI medium, also upon co-incubation and incubation
with nanoparticles for 24 h at 37 °C. (A) RPMI, (B) PGZ in RPMI, (C) INS-1E in RPMI, (D) INS-1E
in RPMI in the presence of 0.1 mg/mL PGZ, (E) INS-1E in RPMI in presence of empty PLGA NPs,
(F) INS-1E in RPMI in presence of PGZ-loaded PLGA NPs. Each panel has the same composition,
color coding, and intensity scales as in Figure 1 (and in the top parts of the panels in Figure 2 for the
linear intensity scale), in order to compare more easily the results and to show at-a-glance possible
signals arising from the species observed in the previous cases.

2.3. Autofluorescence Characteristics Changes in INS-1E Cell in the Presence of PGZ-Loaded
PLGA NPs

In the final experiments, we incubated INS-1E cell lines with the previously analyzed
samples at 37 °C for 24 h and measured them in our two-photon FLIM microscope. First,
we checked that the used RPMI medium was negligibly fluorescent, resulting in a phasor
falling very close to the origin, the zone where noise falls (Figure 3A). As a control, 20 uL
of 10 mg/mL PGZ was incubated in 1980 uL of RPMI at 37 °C (final nominal PGZ con-
centration of 0.1 mg/mL or ~280 uM), both alone (Figure 3B) and in the presence of cells
(Figure 3C). In both cases, we observed a precipitation of PGZ, as expected for a maximum
reported PGZ solubility in water around 0.07 mg/mL or 200 uM at 37 °C [63]. We observed
microscopic solids characterized by a complex fluorescence decay, illustrated by a phasor
distribution ranging within points very close to the ones characterizing the solvated crystal
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in DMF and the anhydrous crystal species (Figure 3B). The differences between this case
and the one in DMF can be easily rationalized considering the different impact of included
water (and not DMF) on the interactions between the PGZ molecules within the solid. The
slightly curved line formed by the local maxima in the distribution points more towards
the possible presence of a continuum of species with different quenching rather than just a
mixture of two species [64].

The presence of precipitated crystals in Figure 3D ensures that the solved drug is at
saturation, and therefore at its maximum possible concentration; we will show that it does
not make it more difficult to understand the observed fluorescence decays from within
the cells thanks to the way we are presenting the data. We also report the FLIM results on
control cells without anything added in the medium (Figure 3C). The fluorescence of cells
with the used channel characteristics (two-photon excitation at 740 nm, emission around
440 nm) arises mostly from NAD(P)H, and indeed the cell phasor positions are in agreement
with previously observed ones [7]. Subsequently, the cells were incubated with PGZ-
loaded nanoparticles and empty nanoparticles (as negative control), and the corresponding
phasor-FLIM results are reported in Figure 3E,F with the same color coding. Again, the
fluorescence from the cells is the only one noticeable, while no fluorescence arising from
NPs can be identified in the phasor plot. Note that, although the cell autofluorescence was
not considered in deciding the color coding used in Figure 3 (the same used in Figure 1),
the phasor corresponding to cell-containing pixels fall in a zone characterized by a violet
color, therefore they are clearly discernible from the PGZ precipitate in Figure 3D.

As hinted in the introduction, free and bound NAD(P)H, more abundant when ox-
idative metabolism is slower and faster, respectively, have different fluorescence decay
characteristics and therefore different positions in the phasor plot [7,29-31]. By looking
carefully at the data reported in Figure 3C-F, even if the color encoding is not ideal for
this purpose, it seems that the negative control (Figure 3E) and the cells alone (Figure 3C)
present a very similar phasor distribution, while in the case of cells in the presence of
PGZ-loaded NPs, the phasor distribution is shifted from slightly at the left (Figure 3C,E) to
the right (Figure 3F) of the top left side of the drawn triangle (as clearer in the top images
in the panels, with the linear intensity scale). This could also be the case for the cells in the
presence of free PGZ, but the analysis is hindered in such cases by the presence of the more
fluorescent PGZ precipitate.

To facilitate grasping these fluorescence decay characteristics changes (and to show
the versatility and potential of our methods for FLIM data presentation), we changed the
color encoding. We considered three principal points (Figure 4, vertices of the triangles):
two based on the position of the phasors for cells in RPMI only and in the presence of
PGZ-loaded PLGA NPs (examples in Figure 3C,F), and a third one in the middle of the
smear corresponding to the PGZ precipitate. It is again easy to discern the cells from the
precipitated solids (Figure 4B); moreover, in this case, it is much easier to appreciate the
average shift from a situation with the NAD(P)H phasor distribution characterizing more
bound NADH (at a relatively longer lifetime, red zones in Figure 4) to one characterized by
more free NADH (green in Figure 4), widely accepted to be linked to a decrease in oxidative
metabolism (mitochondrial respiration) or to an increase in glycolytic metabolism [7,30,65].
Moreover, with this color coding, it is possible to check the possible heterogeneity amongst
different cells (see, e.g., the redder ones, especially in Figure 4B, bottom left panel) or even
the modulation of NAD(P)H status within single cells.

The shift observed in the phasor related to free and bound NAD(P)H in response
to PGZ can be attributed to its impact on cellular metabolism. PGZ, a member of the
thiazolidinedione class of antidiabetic drugs, exerts its effects primarily by activating
peroxisome proliferator-activated receptor gamma (PPARY), a nuclear receptor involved
in the regulation of glucose and lipid metabolism. Activation of PPARy by PGZ leads
to transcriptional regulation of genes involved in insulin sensitivity, glucose uptake, and
lipid metabolism. Furthermore, PGZ has been shown to enhance mitochondrial function
and biogenesis, leading to increased oxidative phosphorylation and ATP production in
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insulin-sensitive cells, but to have an opposite effect on beta cells in pancreatic islets, from
which INS-1E cells are derived and of which they are a model, with a decrease in aerobic
metabolism and in insulin secretion [66-68]. This metabolic shift towards decreased aerobic
metabolism in beta cells is reflected in changes to the cellular redox state and is therefore in
agreement with our observed alterations in the free and bound NAD(P)H ratio.

o <) o IS
Normalized Intensity

Figure 4. FLIM characterization of INS-1E cells interacting with PGZ and with the nanoparticles
considered in this work. The same data of Figure 3C-F are here reported with a different color
encoding for phasor position (principal points at the vertices of the triangle and center point in cyan
in the right part of each panel), in order to better appreciate the position of phasors characterizing
fluorescence arising from within the cells. (A) INS-1E in RPMI, (B) INS-1E in RPMI in the presence of
PGZ, (C) INS-1E in RPMI in the presence of empty PLGA NPs, (D) INS-1E in RPMI in the presence
of PGZ-loaded PLGA NPs. For each panel: on the left, FLIM images; on the right, phasor plots with
corresponding colors; on the top, a linear intensity scale is used (the most on the left on the top of the
figure), on the bottom a logarithmic one starting from 1% (panels (A,C,D), center color scale on top
of the figure) or from 0.5% (panel (B), rightmost color scale on the top of the figure) of the maximum
intensity in each image. Note that, on average, the apparent intensities of cells in the bottom image of
panel (B) are similar to the ones on the top images in the other panels.

3. Discussion and Conclusions

The applications of fluorescence-based techniques have transcended conventional
limits, offering profound insights into the molecular complexities of various pharmaceu-
tical agents. For instance, the drug organization within a polymeric or biologic matrix
can be studied using phasor-FLIM approaches [11,15]; by leveraging the capabilities of
FLIM, researchers can gain insights into drug release kinetics, intracellular trafficking,
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and metabolic responses, thereby facilitating the rational design of drug delivery systems
with enhanced efficacy and safety profiles. However, the widespread adoption of FLIM
in scientific, industrial, and clinical fields is hindered by the complexity of the needed
instrumentation and data analysis and presentation. Some steps have been taken towards
the mitigation of the first point [69], and this work represents another step towards a more
intuitive presentation of the results of fluorescence lifetime microscopy, in cases where
the impact of three or more species present in a sample needs to be easily recognized
and mapped.

The MATLAB scripts and functions used in this manuscript (and made freely available)
allow defining interactively the “principal” positions in the phasor plots, i.e., the ones
considered important in the data presentation (e.g., the ones of pure species or the same
species in different environments), to which particular hue values and high saturations are
assigned. Moreover, it is possible to define a “center” point where the saturation becomes
zero (else, it is considered to be in the middle of the principal points). It is also possible to
consider these points as constant and to apply the same color coding to a big number of files
containing phasor-encoded images. Importantly, the correspondence between the phasor
plot position and (hue, saturation) pair is in principle bijective, so that it can be reversed.
In the phasor plot, the intensity follows a distribution where each pixel in the image is
weighted by its intensity so that the phasor regions with the highest contributions in the
observed field can be noticed at a glance without the need to define an arbitrary threshold
(even if the user can impose low and high thresholds, also interactively, if needed). More
details are contained in the comments at the beginning of each file.

We applied our algorithms in order to study different phases of PGZ, visualize PLGA
nanoparticles, and observe cells and the metabolic shift within them. An interesting
observation, which could be neglected in studies involving the effect of non-perfectly
soluble drugs on adherent cells, is the one of precipitated 0.1 mg/mL PGZ in various solid
phases. This precipitation would largely increase the local concentration of the drug in
the proximity of the cells and therefore can lead to an overestimation of the drug effect at
the nominal concentration (probably, unreachable by the free form of the drug). Instead,
we did not observe any precipitate with the empty or PGZ-loaded NPs, while we could
reach the nominal concentration of 0.1 mg/mL of PGZ contained within them. Indeed,
an important conclusion arising from our label-free fluorescence lifetime measurements
on the NADH-linked metabolism of living cells, is that the effect of PGZ-loaded NPs is
higher than the one of dissolved PGZ, even if in this last case crystals of precipitated PGZ
were very close to the adherent cells. This points towards a higher effectiveness of the
NP-encapsulated drug versus the free-form one.

We could not observe a clear signal from PGZ phases within NPs, probably because
of an unexpected too high autofluorescence of the used batch of PLGA or a too low final
equivalent concentration of PGZ. However, we believe that the results presented here prove
the usefulness of our method for presenting FLIM data in complicated samples, especially
when autofluorescence (of drugs, cells, or other components) can be exploited. Indeed, any
material can be studied with a setup similar to the one presented here if it is fluorescent, in
our case upon two-photon excitation. Depending on the fluorescence properties of other
biocompatible polymers (batches) for the synthesis of NPs, they could behave as shown
here, could have higher fluorescence intensity and therefore more reproducible phasors,
or might be fluorescence-free and therefore make easier studying the drug organization
within them, as it happens for liposomes [11,15]. Regarding the drug, if fluorescent, we
expect its fluorescent decay to be different in crystalline or solved form in most if not all
cases (because of the completely different environment that should change at least the
fluorescence quantum yield). However, it is difficult to predict if there could be other phases
with different fluorescence decays as it happens for the “solvated” PGZ crystals. In any case,
the system presented here is potentially applicable to other drug-nanoparticle conjugates.

Finally, the results reported here represent a step forward in understanding the effect
of PGZ on beta-type cells and in developing drug-embedded NPs with more controlled
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pharmacokinetics, and they can be useful to suggest different characterizations of autofluo-
rescent materials, e.g., various drugs, and of cell response to drugs and/or to changes in
their environment.

4. Materials and Methods
4.1. Materials

Pioglitazone (PGZ), Resomer® RG 503 H, PLGA acid terminated (lactide:glycolide 50:50,
Mw 24,000-38,000, referred to as PLGA), D-(+)-Trehalose dihydrate, 4-Morpholineethanesulfonic
acid (MES), polyvinyl alcohol (87-89% hydrolyzed, Mw approx. 18,000, PVA) and all other
chemicals were purchased from Merck KgaA (Darmstadt, Germany) and were used without
further purification. INS-1E cells were kindly provided by Prof. C. Wollheim, University of
Geneva, Medical Center [70]. Ultrapure water was generated in-house using a MilliQ plus
System (Merck KgaA, Darmstadt, Germany), while all the other solvents, including acetone
and dimethyl sulfoxide (DMSO), were purchased from Merck KgaA (Darmstadt, Germany).
All other chemical reagents were purchased from Aldrich (Saint Quentin Fallavier, France)
or Acros (Noisy-Le-Grand, France).

4.2. Synthesis and Characterization of PGZ-Loaded PLGA Nanoparticles

PGZ-loaded PLGA NPs were synthesized using the nanoprecipitation method, with some
modifications based on our previous publication [15]. In brief, 400 uL of PLGA (24-32 kDa)
dissolved in acetone (10 mg/mL) and 50 uL of PGZ dissolved in DMF (10 mg/mL) were
combined and added dropwise to 1600 uL of an aqueous phase comprising 1:1 MES
buffer (0.1 M, pH 6.2) and PVA (4%, 18 kDa) under continuous stirring. The result-
ing suspension was stirred for a minimum of 3 h to facilitate solvent evaporation and
nanoparticle formation. Subsequently, the nanoparticles were collected via dialysis (1 kDa
cutoff) against 2 L of 1:1 MES buffer (0.1 M, pH 6.2) and PVA (4%, 18 kDa) solution at
4 °C overnight. The physicochemical properties of NPs (including hydrodynamic radius,
polydispersity and {-potential) were characterized using a Zetasizer Nano ZS equipment
(Malvern Instruments Ltd., Worcestershire, UK) at 25 °C, while the entrapment efficiency
(EE%) was characterized using a Shimadzu Nexera UHPLC, equipped with a Shimadzu
SPD-M20A UV /visible detector, as already reported in our last publication [15]. Finally,
the nanoparticles were stored in a 10 mg/mL trehalose solution until use.

4.3. INS-1E Cell Culture

Insulinoma 1E (INS-1E) cells [70] were cultured in a climate-controlled incubator main-
tained at 37 °C with 5% CO,. The cells were cultured in RPMI 1640 medium supplemented
with 11.1 mmol/L D-glucose, 10 mmol/L HEPES, 2 mmol/L L-glutamine, 100 U/mL
penicillin-streptomycin, 1 mmol/L sodium pyruvate, and 50 pmol/L (3-mercaptoethanol.
For lifetime experiments, cells were grown in sterilized microscopy-compatible dishes
(IbiTreat p-Dish 35-mm, Ibidi) until they reached 70% confluence (24-48 h).

4.4. FLIM Setup

Fluorescence Lifetime Imaging Microscopy (FLIM) was conducted using an Olympus
(now Evident, Tokyo, Japan) FVMPE-RS microscope coupled with a two-photon Ti:sapphire
laser (MaiTai HP, Newport SpectraPhysics, Santa Clara, CA, USA) operating at a repetition
rate of 80 MHz. The FLIM data were acquired with the FLIMbox system for lifetime acqui-
sition (ISS, Champaign, IL, USA). Calibration of the ISS Flimbox system was performed
using the known mono-exponential lifetime decay of Fluorescein at pH = 11.0 (4.0 ns upon
two-photon excitation at 740 nm, collection range: 400-570 nm). The calibration sample
consisted of a stock solution of 100 mmol/L Fluorescein in EtOH, prepared and diluted
1:1000 in NaOH water solution at pH 11.0 for each calibration measurement. Excitation
was performed at a wavelength A = 740 nm, fluorescence collection range was 400-570 nm,
laser power was 0.6%, and acquisition was made by a GaAsP photomultiplier tube (PMT)
detector with voltage at 850 V; image sampling was set at 512 x 512 pixels with 10 us/pixel.
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For FLIM measurements of PGZ and PGZ-loaded PLGA NPs, experimental conditions
included A = 740 nm and a specific filter for the NADH metabolism range (420-460 nm).
Used laser power ranged from 2.0 to 10.0%, and the voltage on the GaAsP PMT was set
at 850 V, with image sampling maintained at 512 x 512 pixels, frame size: 106 x 106 um?,
with a pixel size of 0.207 x 0.207 um? and scanning at 10 ps/pixel.

4.5. Phasor Visualization

The pixel colors in the microscopy image and in the phasor plot have a hue/saturation/value
encoding, with hue and saturation depending on the position of the phasor in the phasor
plot, and intensity value given by the pixel intensity in the image, and by the sum of the
intensities of points within a 2D bin (“pixel”) in the phasor plot. The intensities are always
normalized to the maximum one (separately for the image and for the phasor plot) and are
shown in a linear or in a logarithmic scale (actually, the scale is linear between 0 and x% of
the maximum intensity, then it is logarithmic, with x = 1 unless specified otherwise). The
phasor plot pixels have standard dimensions of 0.02 x 0.02 but can be specified otherwise.

Hue and saturation are calculated starting from a certain number of “principal” points
(minimum two, better if at least three) in the phasor plots, ideally the positions in the
phasor plot of the pure fluorescent species present in the sample, plus a “center” point. If
not given when calling the function calculating hue and saturation, the user can choose
them on a binned scatter plot for all the phasors in the image; ideally, most of the phasors
should be included in the region having them as vertices, and this region should be (but
does not have to be) convex. If the center point is not given, it is calculated as the average
position of the principal points. The hue is calculated from the angle between the segments
from the center point to the desired spot and from the center point to the principal points
and is always increasing going clockwise or anticlockwise (depending on the order of
the given principal points, eventually corrected to be always increasing in the chosen
orientation if they are more than three). The principal points have equidistant values (with
0 and 1 both corresponding to the first principal point); the hue of a phasor with an angle
included within the ones of two principal points is the average of the hues of these two
points weighted with the angular distance from the opposite one. The saturation is zero on
the central point and increases radially. Considering the intercept of the half line from the
center point to the considered phasor with the line between two central points and with
the borders of the universal semicircles, the hue increases (with a function proportional
to sin(x) for x from 0 to 1) between 0 and a certain first value up to the first encountered
intersection point, then linearly between this value and a second one between the two
intersection points, then it tends exponentially to 1 for higher distances. The second value
is fixed; the first one is corrected starting from a given value so that it is closer to the second
one the closer the two intersection points are. In the plots shown in this work, these values
were 0.95 and 0.85 (uncorrected value). The decay constant for the exponential function
is the average of the distances from the center points to the two intersection points. The
algorithm considers different increasing functions for nonstandard situations, possible, e.g.,
if the center point is chosen outside the universal semicircle and/or the region having the
“principal points” as vertices.

Before calculating the phasors distribution and for the representation in the images,
the values of intensities and of the G and S coordinates have been smoothed starting from
their dependence on the pixel positions in the image. The intensities are treated with a 2D
Gaussian filter with a given standard deviation (1 pixel in the cases shown here). The values
for G and S are transformed in each pixel considering a weighted average with weights
given by a Gaussian centered in the considered pixel with the same standard deviation
used for the intensities, multiplied by the intensity values of the corresponding pixels.

OriginPro 8.0 was used for preliminary visualization of average phasor positions
within the universal circle. MATLAB R2017B was employed for advanced mathematical
modeling enabling the derivation of quantitative information on phasors, for calculating
the color coding mapping, and preparing all images shown in this work. Additionally, Fiji,

85



Molecules 2024, 29, 2137

a free image-processing package, was used for preliminary spatial analysis of microscopy
and FLIM data.
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Abstract: Self-assembled peptide-based nanobiomaterials exhibit promising prospects for drug de-
livery applications owing to their commendable biocompatibility and biodegradability, facile tissue
uptake and utilization, and minimal or negligible unexpected toxicity. TFF3 is an active peptide
autonomously secreted by gastric mucosal cells, possessing multiple biological functions. It acts on
the surface of the gastric mucosa, facilitating the repair process of gastric mucosal damage. However,
when used as a drug, TFF3 faces significant challenges, including short retention time in the gastric
mucosal cavity and deactivation due to degradation by stomach acid. In response to this challenge,
we developed a self—assembled short peptide hydrogel, Rqdl10, designed as a delivery vehicle for
TFF3. Our investigation encompasses an assessment of its properties, biocompatibility, controlled
release of TFF3, and the mechanism underlying the promotion of gastric mucosal injury repair. Congo
red /aniline blue staining revealed that Rqdl10 promptly self-assembled in PBS, forming hydrogels.
Circular dichroism spectra indicated the presence of a stable 3-sheet secondary structure in the
Rqdl10 hydrogel. Cryo-scanning electron microscopy and atomic force microscopy observations
demonstrated that the Rqdl10 formed vesicle-like structures in the PBS, which were interconnected to
construct a three-dimensional nanostructure. Moreover, the Rqdl10 hydrogel exhibited outstanding
biocompatibility and could sustainably and slowly release TFF3. The utilization of the Rqdl10 hydro-
gel as a carrier for TFF3 substantially augmented its proliferative and migratory capabilities, while
concurrently bolstering its anti-inflammatory and anti-apoptotic attributes following gastric mucosal
injury. Our findings underscore the immense potential of the self-assembled peptide hydrogel Rqd110
for biomedical applications, promising significant contributions to healthcare science.

Keywords: self—assembly peptide; TFF3; gastric mucosal injury; gastric mucosal repair; drug deliv-
ery

1. Introduction

Hydrogels, composed of hydrophilic polymers, possess a distinctive three-dimensional
structure and retain substantial water content [1]. Over recent decades, molecular hydro-
gels have garnered significant interest as promising biomaterials with diverse applications
in biomedicine and nanomedicine, including but not limited to cell culture [2], tissue engi-
neering [3], cancer therapy [4], drug delivery [5], and regenerative medicine [6]. Peptides
consist of short sequences of amino acids, and their self-assembly refers to the process
whereby peptide molecules spontaneously form specific nanostructures [7]. The amino
acid residues carried by self-assembling peptides can drive the self-assembly of peptides
into stable, low-energy structures through non—covalent interactions, including hydrogen
bonding, electrostatic forces, hydrophobic/hydrophilic interactions, 7-7t stacking, and van
der Waals forces. Peptide molecules, when rationally designed, can self-assemble into
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specific nanostructures with rich hierarchical levels under varying conditions such as pH,
temperature, and ionic strength, including vesicles [8], nanotubes [9], nanofibers [10], and
hydrogels [7]. Peptide-based nanogel systems, owing to their exceptional biocompatibility
and biodegradability, have been widely utilized as ideal delivery vehicles for various
drugs [11]. Self-assembling peptide hydrogel carriers can effectively address issues such
as low water solubility, instability, uneven biological distribution, high degradation rates,
and lack of targeted functionality of drugs, thereby enhancing the bioavailability and
therapeutic efficacy of the medications [12]. Currently, self-assembling peptide hydrogel
delivery systems have successfully achieved precise delivery and controlled release of a
variety of peptide-based active pharmaceuticals. For instance, the RAD16-II self-assembling
peptide nanogel has been employed for the intramyocardial delivery of platelet-derived
growth factor (PDGF) and vascular endothelial growth factor (VEGF), aimed at promoting
revascularization in the myocardial infarction areas of rats and pigs, while effectively
avoiding issues such as pulmonary hypertension caused by the systemic administration of
PDGEF [13,14]. Similarly, employing RADA16 self-assembling peptide hydrogel to encapsu-
late recombinant Bone Morphogenetic Protein-2 (BMP-2) not only effectively stores and
releases BMP-2 but also preserves its biological activity, significantly enhancing the stability
of BMP-2. This strategy has been successfully applied to the healing of bone defects [15].

Gastric mucosal injury is common in daily life [16]. Typically, the damaged gastric
mucosa does not always heal quickly within a short period, and the damage may even
be accompanied by potential serious complications such as bleeding or perforation [17].
Due to its diverse etiology, achieving the treatment and complete cure of gastric mucosal
injury poses significant challenges. Currently, the primary approaches to promoting the
repair of gastric mucosal injury involve inhibiting gastric acid secretion, administering anti-
Helicobacter pylori therapy, and utilizing gastric mucosal protectants [18]. However, these
medications may induce various side effects, including drug resistance, allergic reactions,
and abnormal heart rhythms [19]. Hence, identifying a natural active ingredient with high
safety, minimal side effects, and enhanced efficacy is imperative for promoting the repair
of gastric mucosal injury.

The maintenance of gastric mucosa integrity is reliant on the concerted action of nu-
merous secreted factors, among which the secretion of trefoil factor 3 (TFF3) plays a crucial
role [20]. TFF3 is a small peptide rich in cysteine, comprising 59 amino acids. Upon mat-
uration, TFE3 is secreted and folded into a characteristic cloverleaf-like compact tricyclic
structure, formed by six conserved cysteine residues linked by three disulfide bonds [21].
While TFF3 expression is typically challenging to detect in normal gastric mucosa, the ro-
bust expression of TFF3 can be observed in the periulcer tissues of gastric ulcer patients and
rats [22,23]. Animal studies have demonstrated that TFF3 administration mitigates gastric
mucosal injury induced by various factors including alcohol [24], NSAIDs [25], stress [26],
and lipopolysaccharide [27]. The potential roles of TFF3 encompass the maintenance of
gastric pH, stimulation of gastric mucosal healing, and enhancement of gastric mucosal de-
fense [25,28]. Notably, unlike many gastroprotective agents, the gastric mucosal protective
effect of TFF3 operates independently of prostaglandins and is realized at the surface of the
gastric mucosal lumen [28]. Different routes of administration can markedly influence the
efficacy of TFF3 in disease treatment. In a rat model of colitis, the intestinal administration of
TFF3 has demonstrated greater efficacy compared to systemic administration. Conversely, the
subcutaneous injection of TFF3 monomer has been shown to exacerbate colitis induced by
mitomycin C or dextran sulfate sodium salt [29]. Previous investigations have highlighted
the characteristic cloverleaf structure of TFF3, which imparts stability against digestion by
protein hydrolases, thereby facilitating its role in the luminal environment of the digestive
tract [20,21,30,31]. However, recent findings indicate that TFF3, along with its homodimeric
and cloverleaf domains, are susceptible to degradation and inactivation in an acidic envi-
ronment containing pepsin [32-34]. In response to this formidable challenge, Nayara and
collaborators utilized chemical synthesis methodologies to generate TFF3 analogs, notably
TFE3 (C57Acm), TFF310-50, and TFF37-54, exhibiting TFF3 activity and distinctive trilobal
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architectures tailored to fortify stability in the gastrointestinal tract [35]. Nevertheless, drug
modification encounters multifarious obstacles, including subtle structural alterations capable
of eliciting profound discrepancies in drug efficacy, pharmacokinetics, and toxicity profiles.
Another auspicious strategy involves the development of apt drug delivery systems aimed
at augmenting stability, solubility, and targeting precision, thereby amplifying therapeutic
efficacy while curtailing adverse effects [36].

TFF3 is an active peptide with various biological functions, acting on the gastric mu-
cosal surface to facilitate the repair process of gastric mucosal damage. However, when
used as a drug, TFF3 faces significant challenges, including short retention time in the gas-
tric mucosal cavity and deactivation due to degradation by stomach acid. To address these
issues, our research team innovatively synthesized a new chiral self-assembling peptide
hydrogel, Rqdl10, for the delivery of TFE3. Furthermore, the involvement and underlying
mechanism of TFF3@Rqd110 in the repair of gastric mucosal injury were elucidated through
a combination of in vivo and in vitro experiments. Our findings offer novel perspectives
and insights into advancing the repair of gastric mucosal injury.

2. Results
2.1. Characteristics of Rqdl10 Hydrogel

The amino acid sequence of Rqd110, RQODLKTEIRYDFKADE-NH?2, is a linear peptide
from the N-terminus to the C-terminus. The relative molecular mass of Rqdl10 was
determined to be 2026.2 (Figure 1A), with a purity of 97.40% (Figure 1B). The Rqdl10
solution can self-assemble into a hydrogel upon ion triggering through hydrogen bonding,
van der Waals forces, aromatic stacking, charge—charge interactions, and hydrophobic—
hydrophilic interactions [7] (Figure 2A). Circular dichroism spectroscopy revealed that the
Rqdl10, after 24 h of self-assembly, exhibited a positive peak at 192.5 nm and a negative peak
at 211.5 nm, indicative of the formation of a typical (3-sheet structure (Figure 2B). Atomic
force microscopy (AFM) analysis demonstrated the formation of vesicle-like structures
by the Rqdl10 after 24 h of self-assembly, with diameters ranging from 100 to 150 nm
and an average diameter of 127 nm. The vesicles were interlaced with each other to
form vesicle-like three-dimensional nanostructures (Figure 2C). The cryo-scanning electron
microscopy results revealed that the Rqdl10 hydrogel exhibited a vesicular morphology
whose nanostructures connected to each other in the field of view of 200 nm and 500 nm.
Upon expanding the field of view to 1 pm and 5 um, it was observed that the vesicular
nanostructures intertwined to form a three-dimensional network structure (Figure 2D).
Additionally, the Congo red/aniline blue staining of the Rqd110 hydrogel indicated the
presence of an evacuation film structure at 0 h of self-assembly. However, with an extension
of self-assembly time to 12, 24, and 48 h, this structure transformed into a denser, lamellar,
and more stable configuration (Figure 2E,F).

2.2. Rqdl10 Hydrogel Delivery of TFF3

To assess the controlled release efficacy of the Rqdl10 hydrogel, we investigated its
effect on the release of TFF3. Our findings indicate that while there were slight variations in
the controlled release of TFF3 among different concentrations of the Rqdl10 hydrogel, the
TFF3@Rqdl10 solution achieved a near-complete release of TFF3 after 24 h. Specifically, the
controlled release of TFF3 by the Rqdl10 hydrogel was determined to be 92.3%, 87.2%, and
81.1% at concentrations of 5 mg/mL, 7.5 mg/mL, and 10 mg/mL, respectively (Figure 3A).
Given the optimal stability observed with 10 mg/mL Rqdl10 hydrogel for the controlled
release of TFF3, we selected this concentration as the delivery vehicle for TFF3. Similarly,
in vitro imaging of TFF3 within the Rqdl10 hydrogel demonstrated that TFF3 could be
retained in Rqdl10 hydrogels for more than 36 h (Figure 3B). Given that the concentration
of pepsin in the stomach fluctuates between 0.5 and 1.0 mg/mL, we utilized a 2 mg/mL
pepsin solution (dissolved in pH = 3 buffer) to simulate the intragastric environment. Our
results revealed that the Rqdl10 hydrogel significantly attenuated the diffusion of pepsin
from the upper chamber to the lower chamber within 32 h compared to the no hydrogel
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group (Figure 3C). In the in vivo experiments, both FITC—Rqdl10 and Cy5.5—TFF3 in
Cy5.5—TFF3@Rqdl10 can be detected and kept in the stomach from 0 h to 36 h after injection,
while no detectable signal of Cy5.5—TFF3 was observed at 12 h after injection (Figure 3D,E).
This indicates that TFF3@Rqdl10 can effectively adhere to the surface of the gastric mucosa,
efficiently sequestering pepsin while sustainably and slowly releasing TFF3.
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Figure 2. Characterization of Rqdl10 hydrogel. (A) Hydrogel formed by self—assembling peptide
Rqdl10,The red line represents the lower edge of Rqd110 hydrogel; (B) Circular dichroic analysis of
Rqdl10 hydrogel; (C) Atomic force microscopy (AFM) analysis of Rqd110 hydrogel; (D) Cryogenic
scanning electron microscopy (cryo-SEM) analysis of Rqdl10 hydrogel; (E) Congo red staining results
of Rqdl10 hydrogel at 0 h, 12 h, 24 h and 48 h; (F) aniline blue staining results of RqdI10 hydrogel at
Oh,12h,24hand 48 h.
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Figure 3. Rqdl10 hydrogel delivery of TFF3. (A) In vitro release curve of TFF3 from different concen-
trations of Rqd110 hydrogel in PBS; (B) In vitro imaging of TFF3 in Rqd110 hydrogel; (C) Sequestration
effect of Rqdl10 hydrogel on pepsin. * p < 0.05, ** p < 0.01,Comparison between RqdI10 hydrogel
group and no hydrogel group; (D) Representative images of optical in vivo imaging; (E) Quantifica-
tion analysis of the fluorescence intensity retention in stomach. *** p < 0.001. Statistics for each group
are expressed as mean + SD (n = 4).

2.3. Biocompatibility of Rqdl10
The assessment of biocompatibility is pivotal in determining the suitability of hydro-
gels for biomedical applications. To ascertain the biocompatibility of the RqdI10 hydrogel,

the cell viability of GES1 cells was evaluated using a cell proliferation toxicity assay em-
ploying the CCK8 method. The results of the cell proliferation assay revealed that the
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GESI cells in the control group exhibited continuous growth over the initial 3 days. In
contrast, the proliferation of GES1 cells within the Rqdl10 hydrogel matrix was slower;
however, they remained in a state of slow proliferation, with no discernible decline in
cell activity observed (Figure 4A). Furthermore, cytotoxicity assessments demonstrated
that the GES1 cells in the control group exhibited the highest cell activity on day one,
followed by a gradual decrease thereafter. Conversely, the activity of GES1 cells within
the Rqdl10 hydrogel matrix remained relatively stable, displaying a slight increasing trend
(Figure 4B). These findings collectively suggest that the Rqdl10 hydrogel exhibits favorable

biocompatibility.
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Figure 4. Determination of cell viability of GES—1 under different treatments. (A) Proliferation assay
of GES-1 cells in Rqd110 hydrogel matrix; (B) Cytotoxicity assay of GES-1 cells in Rqd110 hydrogel
matrix; (C) Optimal concentration of TFF3 to promote GES-1 proliferation,* p < 0.05,** p < 0.01 (vs.
control group), # p < 0.05, ns means no statistical significance; (D) Effect of TFF3, Rqd110 hydrogel,
and TFF3@Rqdl10 treatment on GES-1 cell viability in the presence or absence of ethanol. && p < 0.01
(vs. control group), * p < 0.05, ** p < 0.01 (vs. EtOH Group), ## p < 0.01. Statistics for each group are

expressed as mean + SD (1 = 6).

2.4. TFF3@Rqdl10 Promoted Cell Proliferation and Migration

The GES-1 cells were exposed to various concentration gradients of TFF3 for 24 h to
determine the optimal environment. Cell viability was assessed using the CCKS8 assay after
24 h of treatment. The results revealed that a concentration of 200 ng/mL of TFF3 was
optimal for promoting the proliferation of GES-1 cells (Figure 4C). Based on these findings,
we selected a concentration of 200 ng/mL of TFE3 for subsequent experiments. In an
ethanol-free environment, treatment with TFF3 and TFF3@Rqdl10 significantly enhanced
GES-1 cell proliferation, whereas treatment with Rqd110 hydrogel alone showed no such
effect. Conversely, in the presence of ethanol, the viability of the GES-1 cells in the EtOH
group decreased to 52.45% of the control group. However, pre-treatment with TFF3, Rqd110
hydrogel, and TFF3@Rqdl10 increased cell viability to 78.57%, 68.17%, and 116.71%, respec-
tively (Figure 4D). In Figure 5A, both the TFF3 and TFF3@Rqdl10 treatments demonstrated
significant enhancement in promoting GES-1 cell migration, whereas the Rqdl10 hydrogel
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treatment did not exhibit a similar effect (Figure 5B). Furthermore, we assessed cell migra-
tion under ethanol-stimulated conditions. The results revealed that following treatment
with TFE3, Rqdl10 hydrogel, and TFF3@Rqdl10, the rate of the scratch closure of the GES-1
cells was notably faster compared to the EtOH group within 48 h (Figure 5C). Notably, the
TFF3@Rqdl10 treatment significantly facilitated GES-1 migration after ethanol-induced
damage more effectively than TFF3 alone (p < 0.01) (Figure 5D). These findings suggest
that while the Rqdl10 hydrogel treatment mitigated ethanol-induced injury to the GES-1
cells, it did not promote their proliferation and migration. Conversely, the TFF3 treatment
promoted both the proliferation and migration of the GES-1 cells, while the TFF3@Rqd110
treatment not only reduced the ethanol-induced injury to the GES-1 cells but also enhanced
their proliferation and migration.
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Figure 5. Effect of TFF3, Rqdl10 hydrogel, and TFF3@Rqdl10 treatment on GES—1 cell migration in
the presence or absence of ethanol. (A) The scratch assay on GES—1 cell migration in treatment with
TFF3, Rqdl10 hydrogel, and TFF3@Rqd110 at different incubation times; (B) Migration rate of GES-1
cells after treatment with TFF3, Rqd110 hydrogel, and TFF3@Rqdl10, * p < 0.05, ** p < 0.01 (vs. control
group), # p < 0.05, ns means no statistical significance; (C) The scratch assay on GES—1 cell migration
in treatment with TFF3, Rqdl10 hydrogel, and TFF3@Rqdl10 at different incubation times in ethanol
environment; (D) Migration rate of GES—1 cells after treatment with TFF3, Rqd110 hydrogel, and
TFF3@Rqdl10 in ethanol environment. ** p < 0.01 (vs. EtOH Group), # p < 0.05, ## p < 0.01, ns means
no statistical significance. Statistics for each group are expressed as mean + SD (1 = 4).

2.5. In Vitro Anti-Apoptosis and Anti-Inflammatory Activity of TFF3@RqdI10

Calcein-AM stains live cells green, while PI stains dead cells red. As shown in
Figure 6A, under ethanol-free conditions, GES-1 cells exhibit a spindle-shaped and flat-
tened morphology with no overlap or aggregation between cells. In the TFE3 group, the cell
density increases compared to the control group. After ethanol treatment, the GES-1 cells
change from spindle-shaped to spherical and aggregate, with numerous red-stained dead
cells scattered throughout. In the EtOH + TFF3 and EtOH + Rqdl10 groups, a small number
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of GES-1 cells with normal morphology and a large number with irregular morphology
are observed, with a slightly higher density of green-stained live cells than the EtOH
group, and fewer red-stained dead cells than the EtOH group. The EtOH+TFF3@Rqd110
group demonstrates the most potent anti-apoptotic ability, with the GES-1 cells exhibiting
a predominantly normal morphology and only scattered red-stained dead cells. Flow
cytometry was employed to assess the apoptosis of the GES-1 cells following ethanol injury
(Figure 6B). Under normal conditions, the number of apoptotic GES-1 cells is minimal.
The ethanol treatment significantly increased the apoptosis rate, reaching 24.58% for the
GES-1 cells in the EtOH group. However, after pretreatment with TFF3, Rqdl10 hydrogel,
and TFF3@Rqdl10, the apoptosis rate of the GES-1 cells decreased to 15.23%, 18.96%, and
11.9%, respectively (Figure 6C). Notably, the TFF3@RqdI10 treatment exhibited a significant
inhibitory effect on apoptosis, whereas the effect of the Rqdl10 hydrogel treatment was
primarily observed in delaying the onset of apoptosis. Furthermore, Western Blotting re-
sults (Figure 7A-C) demonstrated that TFF3 did not alter the expression of Bax and Bcl2 in
normal GES-1 cells (p > 0.05). In the ethanol injury model, ethanol induces the upregulation
of Bax and downregulation of Bcl2 expression in the GES-1 cells. The expression levels
of Bax and Bcl2 in the GES-1 cells treated with TFF3, Rqdl10 hydrogel, and TFF3@Rqdl10
significantly differed from those in the EtOH group (p < 0.01), indicating that all the treat-
ments effectively inhibit the apoptosis of GES-1 cells. Additionally, there was a significant
difference in the ability of the TFF3@Rqdl10 treatment to downregulate Bax and upregulate
Bcl2 compared to TFE3 alone (p < 0.01). Next, we will shift our focus to the expression of
intracellular inflammation-related proteins. Inflammation is an inevitable response when
cells or tissues are injured. TNF-o and IL-6, as biomarkers of acute inflammatory response,
are actively involved in several inflammatory processes and are closely associated with the
severity of gastric mucosal injury [37]. On the other hand, NF-kB, as a major regulator of
inflammatory response, plays an important role in promoting the transcription of TNF-o
and IL-6. Therefore, we selected TNF-«, IL-6 and NF-kB to elucidate the mechanisms
associated with the alleviation by TFF3@Rqdl10 of ethanol-induced acute gastric mucosal
injury. The ethanol treatment resulted in the increased expression of pro-inflammatory
factors such as TNF-«, IL-6, and NF-kB in the GES-1 cells (Figure 7D-G). However, the
inflammatory state of the GES-1 cells was significantly ameliorated following the treatment
with TFF3, Rqdl10 hydrogel, and TFF3@Rqdl10 compared to the ethanol group. More-
over, the anti-inflammatory and anti-apoptotic capacities of the GES-1 cells after the TFF3
treatment were found to be significantly weaker than those of the TFF3@Rqdl10 treatment
(p <0.01).

2.6. In Vivo Anti-Apoptosis and Anti-Inflammatory Activity of TFF3@Rqdl10

TFF3, an active peptide secreted by gastric mucosal cells, possesses a variety of
biological functions, and its action on the surface of the gastric mucosa helps to promote
the repair process of gastric mucosal damage. However, when used as a drug, TFF3 faces
significant challenges, including short retention time in the gastric mucosal cavity and
deactivation due to degradation by stomach acid. To further investigate, we explored
the effects of TFF3, Rqdl10 hydrogel, and TFF3@Rqdl10 treatment on the expression of
inflammation and apoptosis-related proteins by establishing a rat acetic acid gastric mucosal
injury model. As depicted in the Western Blotting results (Figure 8A-G), the TFF3, Rqdl110
hydrogel, and TFF3@Rqdl10 treatments all effectively suppressed the expression of TNF-«,
IL-6, and NF-«kB, while also inhibiting Bax expression and promoting Bcl2 expression.
Interestingly, the Rqdl10 hydrogel treatment exhibited a significantly stronger inhibition
of inflammatory and apoptotic responses compared to the TFE3 treatment in the in vivo
experiments (p < 0.01). This difference may be due to the fact that TFF3 is easily lost and
susceptible to degradation by stomach acid when locally applied to the site of gastric
mucosal injury. In contrast, the Rqdl10 hydrogel can adhere to the surface of damaged
gastric mucosa for an extended duration, reducing the continuous stimulation of gastric
acid on the damaged mucosa and creating a favorable environment for gastric mucosal
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healing. In addition, treatment with TFF3@Rqdl10 demonstrated superior suppression
of inflammatory and apoptotic responses compared to treatment with TFF3 alone. This
implies that TFF3@Rqd110 not only shields the damaged gastric mucosa from continuous
gastric acid stimulation but also gradually releases TFFE3 to facilitate the repair of gastric
mucosal injury. These findings suggest that the Rqd110 hydrogel can serve as an optimal
vehicle for TFF3, thereby promoting the mending of gastric mucosal injury.
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Figure 6. Apoptosis detection in GES-1 cells. (A) The live/dead staining of GES-1 cell treatment
with TFF3, Rqdl10 hydrogel, and TFF3@Rqdl10; (B) Flow cytometric analysis for quantification of
apoptotic cells; (C) Percentage of apoptotic GES—1 cells. ** p < 0.01 (vs. EtOH Group); ## p < 0.01; ns
means no statistical significance. Statistics for each group are expressed as mean + SD (1 = 4).
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in GES—1 cells after ethanol-induced injury. (A) WB analysis of Bax and Bcl2 in GES-1 cells after
ethanol injury. Relative protein level of Bax (B) and Bcl2 (C), ** p < 0.01 (vs. EtOH group), ## p < 0.01,
ns means no statistical significance; (D) WB analysis of TNF-c, IL-6, and NF-«B in GES-1 cells after
ethanol injury; Relative protein level of TNF-« (E), IL-6 (F), and NF-«B (G), ** p < 0.01 (vs. EtOH
group), # p < 0.05, ## p < 0.01, ns means no statistical significance. Statistics for each group are
expressed as mean + SD (1 = 6).
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Figure 8. The impact of TFF3@RqdI10 on apoptosis and inflammation—related protein expression
after acetic acid injury in rat gastric mucosa. (A) WB analysis of Bax and Bcl2 in gastric tissue
after acetic acid injury. Relative protein level of Bax (B) and Bcl2 (C), ** p < 0.01 (vs. EtOH group),
## p < 0.01, ns means no statistical significance; (D) WB analysis of TNF-«, IL-6, and NF-«B in gastric
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(vs. AcOH group), # p < 0.05, ## p < 0.01, ns means no statistical significance. Statistics for each group
are expressed as mean & SD (1 = 6).
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3. Discussion

Numerous drugs suffer from limited bioavailability and inadequate therapeutic effec-
tiveness, primarily attributed to factors such as low water solubility, instability, suboptimal
biodistribution, rapid degradation, and a lack of targeting specificity [38]. Presently, con-
ventional drug delivery platforms encompass viruses, liposomes, polymers, and synthetic
inorganic materials [39—42]. Self-assembled peptides emerge as promising candidates for
drug delivery vehicles owing to their remarkable biocompatibility, biodegradability, facile
tissue absorption and utilization, and minimal or absent unexpected toxicities [11]. Self-
assembled short peptides utilize various molecular forces including hydrogen bonding,
electrostatic interactions, hydrophilic-hydrophobic interactions, 7-7t interactions, and van
der Waals forces generated by self—contained amino acid residues to encapsulate or adsorb
drugs, thereby forming a stable drug delivery system [43]. These self-assembled peptide
vehicles can enhance drug pharmacokinetics and therapeutic efficacy by facilitating the
controlled release and precise delivery of drugs [44]. Additionally, they can improve drug
bioavailability by responding to environmental cues for drug release and minimizing drug
degradation during circulation [45]. Currently, the self —assembled short peptide delivery
system has achieved the precise delivery and controlled release of various substances
including hydrophobic drugs, peptides, nucleic acids, vaccines, and more [46].

The repair of gastric mucosal injury constitutes a complex and coordinated biological
process, encompassing multiple critical steps to ensure the effective repair and functional
restoration of damaged tissue [47]. Throughout this process, the proliferation and migration
of injured mucosal cells, along with apoptosis and inflammatory responses, play pivotal
roles. Proliferation and migration facilitate the formation of new cells, filling the damaged
areas and establishing a complete cellular architecture, thus accelerating the healing of the
injury site [48]. Following gastric mucosal damage, there is a rapid increase in cell apoptosis,
leading to further tissue destruction [49]. By inhibiting apoptosis, excessive cell death
can be prevented, aiding in the maintenance of tissue integrity and providing favorable
conditions for repair [50]. The inflammatory response that follows closely typically dictates
the outcomes of healing [51]. Inflammation subsequent to gastric mucosal injury unfolds
in distinct phases to facilitate the restoration of tissue architecture. Initially, an early pro-
inflammatory response orchestrates the recruitment of key inflammatory cells to initiate the
repair cascade. Subsequently, this pro-inflammatory cascade begins to subside, concomitant
with a phenotypic transition of macrophages to a reparative state. Finally, as inflammatory
cells vacate the injury site or undergo apoptosis, tissue homeostasis is restored [52,53].
The microenvironment of chronic wounds is typically characterized by the accumulation
of many pro-inflammatory macrophages, along with the upregulation of inflammatory
mediators such as NF-kB, TNF-«, and IL-6 [54]. Chronic inflammation can lead to sustained
tissue damage and even the formation of ulcers. By inhibiting the inflammatory response,
the release of inflammatory mediators can be reduced, decelerating the process of tissue
destruction and facilitating the creation of a conducive environment for repair [54]. Precisely
regulating these responses and their interactions during the gastric mucosal injury repair
process is an effective therapeutic strategy for enhancing the healing of gastric mucosal
damage. TFF3 is an active peptide with multiple biological functions, playing roles not only
in promoting the proliferation and migration of GES-1 cells but also exhibiting significant
anti-inflammatory and anti-apoptotic properties. As a chiral self-assembling peptide
hydrogel, Rqd110 hydrogel has not yet been observed as having a definitive biological
function. However, the Rqdl10 can self—assemble into a hydrogel, and through a physical
barrier function similarly to gastric mucus, it effectively protects the gastric mucosa and
diminishes the damage induced by ethanol and acetic acid. Our research also discovered
that the therapeutic effect of the Rqdl10 hydrogel on the repair of gastric mucosal damage
in in vivo models surpasses that of TFF3. The in vitro models reveal that TFF3’s protective
effect against ethanol-induced gastric mucosal injury is superior to that of the Rqdl10
hydrogel. This phenomenon might be related to the fact that TFF3, when co-cultured
with GES-1 cells under in vitro conditions, has its bioactivity and duration of action fully
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ensured. In contrast, when TFF3 is directly applied as a drug to the gastric mucosal
cavity, its retention time and bioactivity in the stomach may not be guaranteed to the same
extent. TFF3@RqdI10 adheres to the gastric mucosa and prolongs the retention time of
TFF3 in the stomach by slowly releasing TFF3. It also enhances the stability of TFF3 in the
gastric mucosal cavity through the sequestration of pepsin. Compared to the use of TFF3
or Rqdl10 hydrogel alone, TFF3@Rqdl10 significantly enhances the reparative effects on
gastric mucosal damage, more effectively facilitating the proliferation and migration of
gastric mucosal cells, and inhibiting inflammation and apoptotic responses, thus offering
multi-layered support for the repair of gastric mucosal injuries. These results indicate that
TFF3@Rqdl10 is an effective strategy for treating gastric mucosal injuries.

4. Materials and Methods
4.1. Synthesis of Rqdl10

Rqdl10 was designed by our research team and synthesized by Chengdu Sciobio
Surgery Institute (Chengdu, China). The amino acid sequence of Rqdl10 is RQDLK-
TEIRYDF KADE-NH2, constituting a linear polypeptide from the N-terminus to the C-
terminus. The peptide’s molecular weight and purity were determined using mass spec-
trometry (LC3000, SHIMADZU, Kyoto, Japan) and HPLC (Nexera UHPLC, SHIMADZU,
Kyoto, Japan), respectively.

4.2. Hydrogel Preparation

A peptide solution was prepared by dissolving 20 mg of Rqdl10 in 1 mL of sterile
water. Subsequently, 1 mL of PBS was added to the peptide solution to induce self-assembly
of the hydrogel at room temperature for 24 h, denoted as Rqdl10 hydrogel. Rqdl10 was
dissolved in a sterile aqueous solution of TFF3 and then added to PBS to self-assemble into
a drug-loaded hydrogel at room temperature, denoted as TFF3@Rqd110.

4.3. Characterization of Rqdl10 Hydrogel

To investigate the secondary structure of the Rqd110 hydrogel, a JASCO ]J-815 Spec-
trometer (JASCO, Kyoto, Japan) was utilized for detection. AFM (multimode8, Bruker,
Massachusetts, USA) was employed to acquire the surface topography and structural infor-
mation for the Rqdl10 hydrogel. The three-dimensional structure of the Rqdl10 hydrogel
was captured using cryo-SEM (SU8010, Hitachi, Kyoto, Japan). The gel formation was
observed through Congo red/aniline blue staining at 0 h, 12 h, 24 h, and 48 h following
Rqdl10 self-assembly.

4.4. Controlled Release of TFF3 by Rqdl10 Hydrogel In Vitro

TFF3@Rqdl10 was prepared following previously described methods. Briefly, 100 uL
of TFF3@Rqd110 (1 ug/mL TFF3) was dispensed into the bottom of a 96-well plate, followed
by the addition of 100 uL of PBS to each well. The plate was then incubated at 37 °C and
continuously agitated on a shaker. To ensure consistent initial conditions, all the drug-
containing wells for various time points were prepared simultaneously. At specified
time intervals (O h, 2h, 4 h, 6 h, 8 h, 10 h, 12 h, 24 h, 32 h, 40 h, 48 h), supernatants
were collected from selected wells (n = 3), while others remained undisturbed. TFF3
concentrations were quantified using a commercial ELISA kit (Cusabio, Wuhan, China) as
per the manufacturer’s protocol, and the release profile of Rqd110 for TFF3 was determined.

4.5. Analysis of Pepsin Sequestration by Rqdl10 Hydrogel In Vitro

We prepared a 24-well plate in advance by adding 1100 uL of buffer (pH = 3.0). Then,
we took 100 pL of the Rqd110 hydrogel (10 mg/mL) and placed it at the bottom of the upper
chamber of the transwell, gently shaking to ensure it lay flat. Next, we added 200 puL of
pepsin solution (2 mg/mL, pH = 3.0) to the upper chamber and placed the smaller chamber
in the buffer. We collected and replenished the bufferatOh,2h,4h,6h,8h,10h, 12 h,
24h,36 h,48h, 60 h, and 72 h time points. We measured the absorbance at 562 nm using
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the CBA method and calculated the percentage of pepsin that had infiltrated into the lower
chamber using a standard curve.

4.6. In Vitro Imaging of Cy5.5—TFF3 in Rqdl10 Hydrogel

Cy5.5 dye was dissolved in DMF at a concentration of 12.56 mM. TFE3 (5 pug/uL) solu-
tion was prepared in pure water; then, Cy5.5 dye was added to the TFF3 solution at a molar
ratio of 3:1 (Cy5.5:TFF3) and incubated for 30 min at 37 °C in a thermostat protected from
light. Free dye was removed using 3KD ultrafiltration tubes. Cy5.5-TFF3@Rqd110 (Rqdl10
10 mg/mL) was prepared as previously described. Next, 50 uL of Cy5.5-TFF3@Rqdl110 was
placed in a 1.5 mL EP tube, and 200 uL of PBS was then added. At the indicated time points
(0h, 12 h, 24 h, 36 h, 48 h), the supernatant was removed and Cy5.5-TFF3@Rqdl10 in the
EP tube was visualized using an in vivo imaging system (VILBER, Collégien, France).

4.7. In Vivo Imaging of Cy5.5—TFF3, FITC—Rqdl10 Hydrogel, and Cy5.5—TFF3@Rqdl10 in
Mice

BALB/c nude mice were fasted for 24 h and abstained from drinking for 12 h. They
were then anesthetized with sodium pentobarbital (intraperitoneally, 50 mg/kg), and a
midline epigastric incision was made to fully expose the gastric tissue. Sequentially, 100 uL
of Cy5.5-TFF3, FITC-Rqdl10 hydrogel (10 mg/mL), and Cy5.5-TFF3@Rqdl10 were injected
into the gastric lumen to adhere to the gastric mucosa as much as possible, after which the
incision was sutured. The nude mice were anesthetized at the indicated time points (0 h,
12 h, 24 h, and 36 h) after the injections, and the measurements were performed using the
in vivo imaging system (VILBER, France).

4.8. Cell Culture and Treatment

Human gastric mucosal epithelial cells (GES-1 cells) were procured from Saibekang
Biotechnology (Shanghai, China). GES-1 cells were cultured routinely in DMEM sup-
plemented with 10% FBS and 1% penicillin and streptomycin, maintaining them in a
humidified incubator at 37 °C with 5% CO,. The cytocompatibility of the RqdI10 hydrogel
was assessed using the CCK8 method. A 100 pL cell suspension was inoculated into a
96-well plate, followed by the addition of 25 puL of Rqdl10 solution and 25 pL of PBS. The
mixture was gently mixed to ensure encapsulation of GES-1 cells into the Rqd110 hydrogel.
The proliferation and toxicity test were conducted at cell densities of 5 x 103 cells/well and
2 x 10* cells/well. After 1,2, and 3 days, 10 pL of CCK8 was added and incubated for 2 h,
followed by absorbance measurement at 450 nm to calculate cell viability. GES-1 cells were
seeded in 96-well plates at a density of 5 x 103 cells/well and pretreated with TFF3, Rqd110
hydrogel, or TFF3@Rqdl10 for 24 h. Subsequently, acute injury was induced in GES-1 cells
by co-incubation with 6% ethanol DMEM medium for 4 h. Changes in inflammation and
apoptosis—related proteins in GES-1 were analyzed using Western Blotting.

4.9. Cell Scratch Assay

Assessment of potential cell migration capacity was conducted using the cell scratch
method. In the absence of ethanol stimulation, GES-1 cells were cultured with TFF3, Rqdl10
hydrogel, or TFF3@Rqdl10 for 24 h, and cell scratches were created on the cell layer using
a cell scraper. The cell debris was washed with PBS, and photographs were captured at
0h,12h, 24 h, 36 h, and 48 h to measure the size of the scratches. Under ethanol exposure,
GES-1 cells were treated with TFF3, Rqdl10 hydrogel, or TFF3@Rqd110 for 24 h, followed
by treatment with 6% ethanol DMEM medium for 4 h. Subsequently, cell migration was
observed under a microscope at 0 h, 12 h, 24 h, 36 h, and 48 h, and the scratch area was
assessed using Image].

4.10. Evaluation of Anti-Apoptosis Effects In Vitro

Detection of apoptosis levels in GES-1 cells was performed using the Calcein-AM/PI
Apoptosis Detection Kit (Beyotime, China). Briefly, GES-1 cells were seeded into 96-well
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plates at a density of 5 x 103 cells per well. After treatment with various experimen-
tal conditions, the cells were washed once with PBS, and then 100 pL of the prepared
Calcein-AM/PI fluorescent staining solution was added to each well. The plates were
then incubated at 37 °C for 30 min in the dark. Subsequently, the cells were examined
under a fluorescence microscope. For flow cytometry analysis, GES-1 cells were seeded
into 6-well plates at a density of 1 x 10° cells per well. After treatment with different
experimental conditions, the cells were collected into centrifuge tubes according to their
respective groups. A 1 mL cell suspension (1 x 10° cells/mL) was centrifuged at 1000
rpm for 5 min, and then 1 mL of Calcein-AM/PI assay working solution was added. After
resuspending the cells as a single-cell suspension, they were incubated at 37 °C in the dark
for 30 min. Finally, the cells were analyzed using a flow cytometer (CytoFLEX, Beckman,
Brea, CA, USA).

4.11. Acetic Acid-Induced Gastric Injury in Rats

Adult healthy SD rats weighing 200250 g were selected and included in the exper-
iment. The animals were housed under standardized conditions, including controlled
temperature, humidity, and a 12 h light-dark cycle, and were provided with standard feed
and tap water ad libitum. All procedures related to animal experiments were approved by
the Experimental Animal Ethics Committee of Chongqing Medical University. Acetic acid
(AcOH) was used to induce gastric mucosal injury in rats, following the method reported
by Kang [55]. Briefly, SD rats were randomly divided into the control group, AcOH group,
AcOH + TFF3 group, AcOH + Rqdl10 group, and AcOH + TFF3@Rqdl10 group. The
rats were fasted for 24 h before surgery, and then anesthetized with sodium pentobarbital
(50 mg/kg) by intraperitoneal injection to fully expose the gastric tissue. A circular EP
tube with a diameter of approximately 10 mm was positioned adjacent to the serosa of
the gastric antrum. Subsequently, 0.1 mL of 100% glacial acetic acid was injected into the
tube, where it was allowed to remain for 60 s. Following this, the acetic acid was aspirated,
and the serosa was rinsed twice with PBS. Each of the anterior and posterior walls of the
gastric antrum underwent modeling once, resulting in the formation of two ulcers with
symmetrical size and location. The posterior wall served as the AcOH group, while the
anterior wall was designated as the experimental group. In the AcOH group, 100 uL of
PBS was injected into the ulcer, whereas in the AcOH+TFE3 group, 100 uL of TFE3 solution
was injected into the ulcer. Similarly, the AcOH + Rqdl10 group received an injection of
100 pL of Rqdl10 hydrogel into the ulcer, and the AcOH + TFF3@RqdlI10 group received
100 uL of TFF3@RqdI10 into the ulcer. Following the procedure, the omentum was covered,
and the peritoneal, abdominal wall tissues, and skin were intermittently sutured. The rats
were then housed individually. After a period of 5 days, the rats were sacrificed under
anesthesia.

4.12. Western Blotting

Proteins were extracted from gastric tissues or GES-1 cells using radioimmunoprecipi-
tation assay (RIPA) lysis buffer (Beyotime, Shanghai, China), and protein quantification
was conducted using the BCA method (Beyotime, China). Equal amounts of proteins were
then separated on a 10% SDS-PAGE gel and subsequently transferred to a polyvinylidene
difluoride (PVDF) membrane. Following blocking for 10 min at room temperature using
rapid blocking solution (Ncmbio, Suzhou, China), PVDF membranes were incubated with
primary antibodies overnight at 4 °C. Afterward, the PVDF membrane was washed three
times using tris—buffered saline (TBST) and incubated with secondary antibody for 1 h
at room temperature. Finally, emitter-coupled logic (ECL) substrate (Ncmbio, China) was
added dropwise, and the membrane was observed using a chemiluminescent detection
system (Bio-Rad, Hercules, CA, USA). Quantification of protein bands was performed using
Image J software (1.53K). The antibodies used were as follows: 3-actin (AB0035, 1:5000,
Abways, Beijing, China), Bax (A20227, 1:2000, ABclonal, Wuhan, China), Bcl2 (A20777,
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1:1000, ABclonal, China), TNF—o (ER1919-22, 1:500, HuaBio, Hangzhou, China), IL—6
(R1412-2, 1:500, HuaBio, China), and NF—«B (PSH0—27, 1:1000, HuaBio, China).

4.13. Statistical Analysis

All data were presented as mean + SD (n = 3) and analyzed using a one-way ANOVA
test followed by the Tukey honest significant difference (HSD) test using SPSS software
(version 22, Chicago, IL, USA), and p < 0.05 was considered a significant difference.

5. Conclusions

In this study, we engineered an optimal drug delivery vehicle, Rqdl10 hydrogel, for
TFF3. The Rqdl10 hydrogel exhibits excellent biocompatibility, enabling the sustainable and
slow release of TFF3. Moreover, the RqdI10 hydrogel effectively protects the gastric mucosa
through a physical barrier action similar to that of gastric mucus, mitigating damage caused
by ethanol or gastric acid, thereby providing an optimal healing microenvironment for
gastric mucosal repair. Compared to the treatment with TFF3 or Rqdl10 hydrogel alone, the
TFF3@Rqd110 system combines the physical barrier function of the Rqdl10 hydrogel and
the biological activity advantages of TFF3, promoting the repair of gastric mucosal damage
through multi—level and multifaceted actions, including the promotion of the prolifera-
tion and migration of gastric mucosal epithelial cells, and the inhibition of inflammation
and apoptotic responses. These findings underscore the promising therapeutic poten-
tial of self—assembled peptide Rqdl10 hydrogels in biomedical applications, potentially
revolutionizing healthcare science.
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Abstract: The synthesis of reliable biological nanomaterials is a crucial area of study in nanotech-
nology. In this study, Emericella dentata was employed for the biosynthesis of AgNPs, which were
then combined with synthesized biochar, a porous structure created through biomass pyrolysis. The
synergistic effects of AgNPs and biochar were evaluated through the assessment of pro-inflammatory
cytokines, anti-apoptotic gene expression, and antibacterial activity. Solid biosynthesized AgNPs
were evaluated by XRD and STEM, with STEM images revealing that most of the AgNPs ranged from
10 to 80 nm, with over 70% being less than 40 nm. FTIR analysis indicated the presence of stabilizing
and reducing functional groups in the AgNPs. The nanoemulsion’s zeta potential, hydrodynamic
diameter, and particle distribution index were found to be —19.6 mV, 37.62 nm, and 0.231, respec-
tively. Biochar, on the other hand, did not have any antibacterial effects on the tested bacterial species.
However, when combined with AgNPs, its antibacterial efficacy against all bacterial species was
significantly enhanced. Furthermore, the combined material significantly reduced the expression of
anti-apoptotic genes and pro-inflammatory cytokines compared to individual treatments. This study
suggests that low-dose AgNPs coupled with biochar could be a more effective method to combat
lung cancer epithelial cells and pathogenic bacteria compared to either substance alone.

Keywords: synergism; biochar; AgNPs; anticancer; anti-inflammatory; antibacterial

1. Introduction

Nanoscience, one of the most prominent areas of modern research, explores the com-
position, structure, and properties of nanoparticles. Since nanotechnologies are applied
in several other disciplines, such as engineering [1], medicine, pharmacy, environmental
remediation [2], and sustainable fuel production [3,4], they are recognized as one of the
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most current and active study areas [5,6]. The last ten years have seen a tremendous global
expansion of the vast multidisciplinary field of nanotechnology [7,8]. Nanomaterials that
have been created or modified using biotechnology are the focus of nanotechnology [9].
Fungal processes are used to create nanoparticles of metals, which have a wide range of
uses such as materials, textiles, in food preservation, disease detection and control, and
wound healing [10]. Other physical and chemical processes for creating nanoparticles (NPs)
use hazardous substances and are expensive [11]. Due to their nanotoxicity, the biological
method is currently used as a temporary option because it poses fewer environmental and
health risks [12,13]. Therefore, environmentally friendly, straightforward, and efficient
methods have been adopted for NP biosynthesis, which is crucial due to their lower toxicity
and benign ecological impact. The behavior, biodistribution, effectiveness, and safety
of nanoparticles are influenced by their physicochemical characteristics. To assess the
functional qualities of the produced particles, the characterization of NPs is important. Var-
ious techniques can be used, including atomic force microscopy (AFM), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and X-ray photoelectron spec-
troscopy (XPS) [14,15]. Silver nanoparticles (AgNPs) are primarily employed in medicine
for their therapeutic and diagnostic applications in addition to their antimicrobial proper-
ties. Due to their unique physical, chemical, and optical properties, silver nanoparticles are
attracting growing interest [16]. Antibacterial and anticancer activities are already present
in silver nanoparticles [17,18]. It may be possible to treat cancers that stop responding to
chemotherapy or radiotherapy by combining AgNPs’ natural anticancer properties with
anticancer pharmaceuticals, or by using these AgNPs as concurrent target-directed drug
delivery platforms for anticancer drugs [19].

Biochar, a pyrolyzed material with a high carbon content can be made from a range
of organic materials [20,21]. Biochar has a porous structure that enables it to hold and
collect small molecules including nanoparticles [22]. Combining biochar with AgNPs
may boost both compounds’ potential antibacterial properties by lowering the doses of
harmful bioactive molecules [23]. Recent findings have shown that biochar reduces the
bioavailability of AgNPs through the complexion of surfaces, inhibiting their solubility
capacity, and releasing damaging Ag+ ions into the growth media [24]. Previously, similar
results were reported indicating that the presence of biochar caused tissue Ag levels to drop
by at least a factor of two and efficiently prevent their bioaccumulation [25]. In addition,
there have been few reports of the potential health risks associated with utilizing biochar.
Further investigations are required to determine whether biochar can be used to boost the
activity of silver nanoparticles against cancer cell lines and diverse microbial infections [26].
The aim of this study was to biosynthesize novel fungal-mediated AgNPs, describe their
characteristics, and investigate AgNPs’ antibacterial, anti-inflammatory, and anticancer
properties using the A549 cell line, either alone or in combination with biochar.

2. Results
2.1. Silver Nanoparticles (AgNPs) and Biochar

Although there has been a lot of interest in AgNP biosynthesis, to our knowledge,
this is the first report employing the fungus isolate Emericella dentata to produce AgNPs.
The production of AgNPs was optimized at 10 g biomass and 1.0 mM AgNOj at 35 °C
and pH 7.0 for 96 h. The test flask developed a brown hue because of the bioreduction
of AgNO;s salt via the prepared mycelia filtrate, which did not happen in the control
experiment (Figure 1a). A silver nanoparticle SPR peak is visible in Figure 1b UV-vis
spectrum at 438 nm.
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Figure 1. Bio-reduced 1.0 mM AgNOj3 by Emericella dentata at 35 °C: (a) color change and (b) UV-
visible spectra. Line 1 represents the spectrum for the filtrate while line 2 shows the spectrum for the

AgNP suspension.

The study of date seed (DS) biochar produced at a temperature of 550 °C for pyrolysis
revealed a pH of 7.9, an organic matter of 98.56%, fixed carbon of 60.2%, a porosity of 73%,
a biochar yield of 25%, and water holding capacity (WHC) of 59.7% (Table 1).

Table 1. Some physical and chemical properties of pyrolyzed DS biochar at 550 °C (n = 3); the results
were reported as mean + SD.

DS Biochar Parameters Pyrolysis Temperature (550 °C)
pH 7.9 +0.15
Porosity (%) 73+4.0
Organic matter (%) 98.56 + 3.95
Biochar yield (%) 2524+ 3.2
Water holding capacity (% WHC) 59.7 + 4.25

A STEM image (Figure 2a,b [27]) shows the porous surface of used biochar, and
the nanoparticles’” STEM image (Figure 2c) shows AgNPs as spherical objects with a
size range from 10 to 80 nm. The STEM image of biochar combined with nanoparticles
was distorted due to sample charge, the existence of nonconducting carbon stabilizer,
and nanoparticle aggregates form bigger composites (Figure 2d); it was fuzzy at higher
magnification, making it challenging to determine the structure of the observed AgNPs.
STEM micrographs demonstrate that AgNPs decreased in size throughout the drying
process, making them smaller than those detected by DLS analysis, where >90% of the
AgNPs depicted were smaller than 80 nm, and >70% of the latter were about 40 nm or less
(Figure 2e,f).
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Figure 2. (a) STEM micrographs of 400 nm images of biochar, (b) STEM micrographs of 400 nm
images of biochar [27], (c) 400 nm image of silver nanoparticles synthesized by the reaction of 1.0 mM
silver nitrate with Emericella dentata filtrate, (d) 1000 nm image of combined biochar and AgNPs,
(e) 400 nm combination of AgNPs and biochar, and (f) % frequency of AgNPs size distribution.
(Figure 2b shows the identical detail as Figure 2a in [27] and is shown here for easier comparison).

2.2. Particle Size and Zeta Potential

AgNPs were found to have a particle distribution index of 0.231 and a zeta potential
of —19.6 mV, both of which indicate that they are hydrodynamically stable. Their hydrody-
namic size diameter averaged up to 45 nanometers. (Figure 3a). The zeta values used to
describe the nanoparticle size distribution revealed that 97.3% of the AgNPs were 37.62 nm
in size (Figure 3b).
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Figure 3. (a) Zeta potential distribution of silver nanoparticles [27]; (b) the size distribution by the
intensity of AgNPs [27]; (¢) XRD analysis of silver nanoparticles biologically prepared by Emericella
dentata filtrate (* assign the reflection planes of the face-centered cubic structure of silver) [27]; and
(d) ATR-IR of silver nanoparticles biologically prepared by Emericella dentata filtrate. (Figure 3a—c
were taken from Figures 1A,B, and 3 in our previous published work [27] and are repeated here for
easier comparison).

2.3. XRD Spectra Analysis

The crystalline nature of the biosynthesized Ag nanoparticles was confirmed by X-ray
diffraction analysis (Figure 3c). Two distinct diffraction peaks at 20 values of 38.1° and
44.1° (assigned with stars) can be assigned to the (1 1 1) and (2 0 0) planes, respectively.
The appearance of these patterns indicates that the formation of silver nanoparticles are
face-centered cubic structures (fcc) and crystalline in nature (JCPDS file no. 84-0713 and
04-0783) [28]. The appearance of several unassigned peaks observed in the XRD spectrum
could be related to the crystallization of the bioorganic compounds from fungi during
the preparation of the AgNPs, which further confirms the formation of ligand interaction
between the silver nanoparticles and the bio-organic compounds from the fungi extract.

2.4. ATR-IR Spectra Analysis

The ATR-IR spectra of silver nanoparticles produced biologically (Figure 3d) show
numerous distinct peaks at 633, 989, 1110, 1663, 1704, and 2450, which demonstrated the
presence of several organic functional groups that act as reducing and stabilizing agents on
the surfaces of silver nanoparticles. The analysis of this spectrum showed a broad band
from 3080 to 3437 cm ! assigned to the aromatic amines O-H stretching and the ~N-H
stretching vibrations of amide. The presence of the main amine group of proteins is shown
by the brevity of the broad peak at 2450 cm~!. The appearance of several bands in the
regions between 600 and 900 cm ! corresponds to the C-H aromatic out of the plane. The
band at 1259 cm ! could be related to the formation of C-O-C stretching in aromatic rings.
The strong wide peak between 1400 and 1450 cm ! corresponds to C-H stretching, while
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the weak band at around 1520 cm ! represents the formation of the C=C aromatic. Bands in
the range of 2900-2990 cm ! correspond to C-H stretching. The presence of the amide in the
protein’s C=0 stretching vibration is indicated by the peaks at 1704, 1663, and 1110 cm ™.
The stretching frequencies of the amino and amino-methyl stretching groups of proteins
have obvious peaks around 1340 cm~!. These organizations may oversee the synthesis and
conformation of the biological system that accompanies the silver nanoparticles.

2.5. Antimicrobial Activity of Silver Nanoparticles

It might be possible that antibiotic resistance could be slowed down by employing
innovative approaches, such as the interaction between perfectly treated biochar and silver
nanoparticles (AgNPs). The disc diffusion method and the microdilution procedures were
used to assess the potential interactions between AgNPs and biochar (Table 2).

Table 2. Inhibition zones and MIC values of AgNPs, biochar, and AgNPs + biochar.

AgNPs Biochar AgNPs + Biochar
Micro-Organism ;nhibition MIC Inhibition MIC Inhibition MIC
one (mm) ug/mL Zone (mm) ug/mL Zone (mm) pug/mL
B. cereus (ATCC 11778) 205+ 0.5 6.38 0.0 Nd 245405 2.13
L. monocytogene (ATCC 7644) 185+ 05 6.38 0.0 Nd 20.5+0.0 2.13
P. aeruginosa * 125 £0.5 19.15 0.0 Nd 145+£04 6.38
S. typhi (ATCC 14028) 155+£0.5 6.38 0.0 Nd 19.5£0.6 2.13
S. aureus * 185+ 0.5 6.38 0.0 Nd 21.5£0.5 2.13
E.coli* 14.0 £0.0 19.15 0.0 Nd 16.5 £ 0.0 6.38
P. aeruginosa ATCC 10145 * 123 £ 0.0 19.15 0.0 Nd 16.5£05 6.38
E. coli ATCC 25922 * 135+ 0.6 19.15 0.0 Nd 15.0 £ 0.6 6.38
S. epidermidis * 175 £ 0.7 6.38 0.0 Nd 19.5£0.0 2.13
E. coli 0157:H7 (ATCC 43888) 145+ 0.6 19.15 0.0 Nd 17.0 £ 0.6 6.38

Nd: not detected. The bacterial strains marked with an asterisk are presented in the table for comparison and
have been previously studied [27] as well.

The diameters of the inhibitory zones detected by AgNPs alone against B. cereus,
L. monocytogene, S. epidermidis, S. aureus, E. coli, P. aeruginosa and P. aeruginosa ATCC
10145, E. coli 0157:H7, and E. coli ATCC 25922 are shown in Table 2. However, none of
the bacteria tested were inhibited by the biochar when used alone. The combination of
silver nanoparticles (AgNPs) and biochar resulted in a significant increase (p < 0.05) in the
antibacterial activity of AgNPs against all types of bacteria. When biochar and AgNPs were
combined in a ratio of 1:1, the resulting inhibitory zones had the following dimensions:
24.5,20.5, 14.5, 19.5, 21.5, 16.5, 16.5, 15.0, 19.5, and 17.0 mm for all the microorganisms
listed in Table 2. The results of the minimal inhibitory concentration (MIC) were matched
by parallel results from the inhibition zone. All the bacteria employed had a MIC when
using AgNPS alone ranging between 6.38 and 19.15 (ug/mL). However, the combined
treatment of AgNPs and biochar reduced the MIC values to start from 2.13 ug/mL for
B. cereus, L. monocytogene, S. epidermidis, and S. aureus, and to 6.38 pg/mL for the other
investigated bacteria, with a definite reduction in MIC of up to 70% in each case.

2.6. Cytotoxicity Effect of AQNPs and Biochar on A549 Cells

The antiproliferative effects of biochar, AgNPs, and their interactions were investigated
on fibroblast and A549 (ATCC CCL-185) cell lines. At dosages of 3 and 6 ug/mL, the
antiproliferative effects of biochar on human periodontal ligament fibroblast cell lines
(PDL) were negligible. However, at doses of 12 ng/mL or higher, there was a discernible
inhibitory effect of up to 20% at a concentration of 200 ug/mL (Figure 4a). On the other
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hand, silver nanoparticles were able to suppress fibroblast cell lines” (PDL) viability at doses
ranging from 12 to 200 pg/mL (Figure 4b). The manner of inhibition was concentration
dependent. The cytotoxic effect of biochar on the A549 cell line is demonstrated in Figure 5a,
which shows a maximum 40% inhibition of the A549 cell line by biochar at a concentration
of 200 pug/mL. When AgNPs were tested against the A549 cell line (Figure 5b), a substantial
level of cytotoxicity was seen at doses ranging from 6 to 200 pug/mL, which resulted an
in inhibitory effect of up to 90% at the highest concentration tested. For comparison,
untreated cells were used as a control. As a result, a constant concentration of 3 ug/mL
AgNPs was chosen for future synergy testing against the A549 cell line. The 3 pg/mL
dose of AgNPs and various amounts of biochar were applied to the A549 cell line, and
the results revealed that the combination was more effective than utilizing each one of
them separately (Figure 6). These findings demonstrate that lower AgNP concentrations
produced a reasonable level of cytotoxicity and that biochar and AgNPs interact differently
when used in combination compared to the use of either agent separately.

120+ Biochar on fibroblast cell line a 120+ AgNPs on fibroblast cell line b
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Figure 4. The antiproliferative activity of (a) increasing concentrations of biochar and (b) increasing
concentrations of AgNPs on fibroblast cell line evaluated by MTT assay. The results represent the
percentage of cell viability under different concentrations of biochar and AgNPs. All results are
expressed as the mean of the three measurements + SD (n = 3-4 independent replicates).
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Figure 5. The antiproliferative activity of (a) increasing concentrations of biochar and (b) increasing
concentrations of AgNPs on the A549 cell line evaluated by MTT assay. The results represent the
percentage of cell viability under different concentrations of biochar and AgNPs. All results are
expressed as the mean of the three measurements =+ SD (n = 3—4 independent replicates).
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Figure 6. The antiproliferative activity of combined 3 ug/mL AgNPs and increasing concentrations
of biochar on the A549 cell line evaluated by MTT assay. The results show cell viability at various
biochar concentrations and 3 pg/mL AgNPs. All results are expressed as the mean of the three
measurements + SD (n = 3-4 independent replicates).

2.7. Effect of AGNPs and Biochar on the Expression of Gene Regulation
2.7.1. Pro- and Anti-Apoptotic Genes in A549 Cells

AgNPs, biochar, and their combinations were studied for their synergistic effects on
the expression of pro- and anti-apoptotic genes in A549 cells (Figure 7b). AgNPs (3 pg/mL),
biochar (50 pg/mL), or both combined (AgNPs (3 ng/mL) plus biochar (50 pug/mL)) were
applied to A549 cells for 24 h. Whilst the IC50 value of biochar alone exerted no significant
influence on the expression of caspase 3 and anti-apoptotic genes, including BCL-2 and
cyclin D1, the effect of 3 pg/mL of AgNPs alone and biochar with AgNPs produced a
statistically significant (p < 0.05) upregulation of caspase 3 (the pro-apoptotic genotype) in
the A549 cell line compared to untreated cells. However, there was a downregulation of anti-
apoptotic genes, including BCL-2 and cyclin D1. In comparison to a single treatment, the
combination of AgNPs and biochar significantly reduced the expression of anti-apoptotic
genes severalfold. AgNPs combined with biochar trigger apoptosis in A549 lung cancer
cells, as demonstrated by our experiments using caspase 3.

2.7.2. The Expression of IL-1$, IL-6, and TNF-o in the A549 Cell Line

Combined treatment with AgNPs and biochar decreased IL-13 and IL-6 levels while
raising TNF-« production (Figure 7a). Pro-inflammatory cytokines, IL-1$3 and IL-6, were
negatively regulated in the A549 cell line when exposed to AgNPs (3 pg/mL), and a
combination of biochar (50 pg/mL) and AgNPs (3 ng/mL) in comparison to untreated
cells (Figure 7b). On the other hand, the IC50 value of biochar alone had an upregulating
impact on IL-1p and IL-6 expression. Additionally, the combination of biochar with AgNPs
at 3 ug/mL and AgNDPs at 3 ug/mL alone significantly upregulated the anti-inflammatory
cytokine TNF-ox.
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Figure 7. Effect of AgNPs and biochar on the (a) expression of caspase 3, BCL-2, and Cylin D1 in the
Ab549 cell line (cells were treated with biochar using the IC50 value and 3 pug/mL of AgNPs) (b) the
expression of IL-1beta, IL-6, and TNF alpha in the A549 cell line (cells were treated with biochar
using the IC50 value and 3 pug/mL of AgNPs). All results are expressed as means of three dependent
replicates £ SD. *: p < 0.05, compared to control untreated cells.

3. Discussion

An effective and green production of silver nanoparticles using natural reducing,
capping, and stabilizing agents was proposed [29,30]. Recently, there has been a lot of
interest in AgNP biosynthesis, and this is the first report employing the fungus isolate
Emericella dentata to produce AgNPs. The process was optimized for 10 g biomass and
1.0 mM AgNOj at 35 °C and pH 7.0, which took 96 h. It is usually perceived that the
size and form of the silver nanoparticles correspond to their absorption peak [31,32]. The
reaction mixture’s characteristic brown color was attributed to the Ag nanoparticles’ surface
plasmon resonance (SPR) [32]. Although the method of nanoparticle generation is not
entirely understood, two putative pathways have been proposed: the quinine shuttle
and NADH-dependent nitrate reductase [31,33,34]. It was found that AgNPs have a zeta
potential of —19.6 mV, an average hydrodynamic size diameter of approximately 45 nm,
and a particle distribution index of 0.231. These characteristics indicate that AgNPs seem
to be very durable. Earlier, it was proposed [29,30] that a polydisperse distribution can
be inferred if the PDI (DLS) is greater than 0.2. Particles with a high charge tend to have
larger Z values because they are more resistant to self-assembly due to their electrostatic
resilience. The density distribution in our collection revealed a broad spectrum of shapes.
If the relationship between particle size and light scattering was considered, it could be
possible that a tiny portion of a bigger component oversees the motion. The sample’s
optical properties and the size distribution data obtained from the density distribution
were used to construct a relative number that was presented in the number distribution
summary [31,32]. Measurements of nanoparticle size distribution zeta indicated that 97.3%
of the AgNPs were 37.62 nm in size. Images obtained using scanning transmission electron
microscopy (STEM) showed that the particles being investigated were composed of a
very large number of extremely minute particles that are smaller than 0.5 pm in size. The
analysis of the STEM measurement data was carried out with the assistance of Image], a
robust image-processing application that is available for free and under an open-source
license [3].

The analysis of one hundred measurements of particle size suggested that biosynthe-
sized AgNDPs are round and have an average size of 30 + 4.3 nm. It was observed that
magnification caused the image to blur, making it difficult to determine the structure of the
newly synthesized AgNPs. Nanoparticle aggregation into larger composites, the presence
of nonconducting carbon stabilizers, and sample charging could also be potential explana-
tions. The nanoparticles seen in the scanning electron microscopy images were spherical
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and ranged in size from about 10 to 80 nm. STEM images showed a smaller number of
AgNPs after drying than were detected by DLS analysis. In fact, smaller than 45 nm is
normal for AgNPs, according to several studies [31,33,34]. Porous surfaces were generated
because of the volatilization of organic material in DS biochar. Between temperatures of 350
and 550 °C, the pores and deep pathways in biochar became increasingly visible. During
the process of increasing the decomposition temperature from 350 to 550 °C, the porosity
increased from 31% to 69% [35,36]. Thus, a synergistic potential between AgNPs and
biochar was revealed, using 550 °C as the pyrolysis temperature for biochar production.

Silver nanoparticle production was confirmed by the XRD pattern and the presence of
distinctive peaks. The detected diffraction peaks confirmed the crystalline nature of pro-
duced AgNPs [6,28]. Similar results were reported during the preparation of Ag nanopar-
ticles using edible mushroom extract [35] and geranium leaves [37]. The exhibited peaks
in ATR-IR spectra of recently prepared silver nanoparticles demonstrated the presence of
several organic functional groups that act as reducing and stabilizing agents on the surfaces
of silver nanoparticles [38,39]. The antibacterial potential interactions between AgNPs and
biochar were evaluated using the disc diffusion method and MIC utilizing microdilution
techniques. AgNPs and biochar together considerably improved the antibacterial activity
of AgNPs against all bacterial species. However, none of the studied bacteria were inhibited
by biochar alone, which was consistent with previous reports [40]. AgNPs may be helpful
in food preservation and packaging due to their effectiveness against L. monocytogenes and
other foodborne pathogens. AgNPs probably inhibited B. cereus and L. monocytogenes by
interacting with the cell wall [41,42].

Increasing doses of AgNPs were tested on cancer cell lines generated from the A549
cell line as well as fibroblast cells. The A549 cell lines were treated with 3 pg/mL of
AgNPs to evaluate the effects of the treatment on gene regulation. When administered to
fibroblasts, silver nanoparticles displayed their cytotoxicity at concentrations of 12 ug/mL
and above, but their antiproliferative effects on A549 cells were visible at concentrations of
6 ug/mL and higher. On the other hand, it was found that anti-apoptotic genes such as
BCL-2 and cyclin D1 encountered severalfold downregulation when they were present in
A549 cells that had been treated with 3 pg/mL AgNPs or a combination of 3 ug/mL AgNPs
and 50 pg/mL biochar for a period of 24 h. When the A549 cell line was treated with
varied concentrations of AgNPs, the effect of the lowest concentration utilized (3 pg/mL
of AgNPs) showed that there was a statistically significant rise in caspase 3, the genotype
that is associated with pro-apoptotic behavior. Other studies have shown that bioactive
substances can influence several anti-apoptotic genes, thereby preventing these genes from
performing their immediate protective function against apoptosis and leading to the death
of apoptotic cells. This death of apoptotic cells can be attributed to the fact that these genes
are unable to perform their immediate protective function against apoptosis [43—45].

The administration of AgNPs induced a reduction in the levels of both IL-13 and
IL-6, while concurrently leading to an increase in TNF-« levels. It was found that TNF-o
was the link between inflammation and cancer and appears to be a critical mediator in
this association [46]. TNF-« is a key therapeutic target in several chronic inflammatory
disorders [43,47,48]. Such outcomes might be connected, at least in part, to the capacity
of biochar’s porous structure to trap and manage the release of such tiny AgNP parti-
cles. This was examined when maize plants responded to biochar (2% w/v) and AgNPs
(100-1000 mg/mL) in a hydroponic exposure media [49,50]. It has been observed that
surface complexation by biochar might lower Ag+ ions in the growth media by reducing
the bioavailability of AgNPs. Combining biochar with AgNPs mitigated their phytotoxicity
by decreasing absorption and tissue accumulation of Ag+ ions by a factor of four to eight.
Moreover, the reduced oxidative stress seen in plants treated with combined AgNPs and
biochar was reflected in the increased activities of antioxidant enzymes [49,50]. Biochar can
be used when antimicrobial agents are used to treat antibiotic-resistant bacteria or drugs
for chemotherapies aimed at improving cancer treatment along with silver nanoparticles
(AgNPs). Our findings provide substantial evidence for the claim that date seed biochar
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controls AgNP absorption and release. As a result, the biochar becomes more selective for
lung cells, assisting in reducing the toxicity and release of AgNPs. The interaction of silver
nanoparticles with biochar also leads to their immobilization, which lowers the degree
of bioavailability in their surroundings [49]. In conclusion, biochar has the potential to
prove useful as a nano-carrier in the fight against antibiotic-resistant pathogens and in the
enhancement of treatment.

4. Material and Methods
4.1. Fungal Strain

The fungus strain W7B employed in this experiment was isolated from soil samples
that were taken from the southern Jordanian region of Al-Karak. By using ITS sequencing,
the fungus strain’s species was determined (Macrogen, Seoul, Republic of Korea). A
sequence similarity analysis using the NCBI database revealed that the ITS sequence of
the fungus W7B was 100% identical to that of the Emericella dentata, whose accession
number is MH032749 according to its identification sheet from Macrogen. The specific
bioinformatics report that was supplied by Macrogen for our isolate revealed a 100% match
with Emericella dentata, and the report displayed the closest match in comparison to other
species as shown in the phylogenic tree.

4.2. Bacterial Strains and Reagents

Sigma-Aldrich (Milwaukee, WI 53209, USA) supplied all the chemicals and media
used. The organisms used in the antibacterial assay were Gram-positive and Gram-negative.
Some of these strains with ATCC numbers were taken as pure cultures purchased from
Ben Hayyan Aqaba International Laboratories, Aqaba, Jordan, while others were isolated
from UTI patients treated at Karak Government Hospital (KGH) and identified using a
VITEK® 2 Compact instrument. This is a highly automated system used for identification
and antimicrobial susceptibility testing (bioMerieux, Marcy-1'Etoile, France). The strains
of bacteria were sustained by subculturing them on nutrient agar regularly and keeping
them at 4 °C before use. All solutions were prepared with deionized water of the highest
purity [51].

4.3. Raw Materials for Biochar and Processing Conditions

After harvesting the date fruit, date seeds (DSs) were acquired locally. Deionized
water was used to clean the air-dried seeds. The seeds were then dried and placed in a
desiccator for subsequent analysis and the generation of biochar [36].

4.4. Date Seeds’ (DSs) Physicochemical Characteristics

Following 24 h incubation in an oven at 105 °C, the seeds were weighed to measure
their wet weight. After drying in a muffle furnace set to 550 °C for two hours, the seeds were
heat-treated. Equations (1)—(3) were used to calculate moisture and organic matter [52].

Total organic matter = Dry  , — Ashy (1)

where Dry. is the weight of the biochar after it has been dried at 105 °C for twenty-four
hours and Wety is the initial biochar weight prior to drying.

i tt
Total organic matter (%) = (orgamcmaer) x 100% (2)
Drth
Wetyt — D
% Moisture content = (( Chwt ry""t)> x 100 3)
DI‘th

The pyrolysis of dehydrated date seeds under the lack of oxygen in a muffle furnace
using a sealed porcelain crucible at a temperature of 550 °C for two hours was the method
used to make DS biochar. In preparation for its usage in the subsequent trials, the DS
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biochar was reduced to a particle size of 2 mm by subsequent crushing and screening.
Equation (4) was utilized to determine the amount of DS biochar that was produced [53].

4)

DS biochar yield (%) = ( weight of biochar ) % 100

weight of dry sample

Transmission electron microscopy (TEM) imaging was used to study the microstructure
of DS biochar. The pH level of the DS biochar was studied according to Greenberg et al. [54].
The porosity and water absorption of DS biochar were determined using the Archimedes
method in accordance with the accepted method (ASTM C20) as described by Sutcu et al. [55].
This was done to establish the DS biochar’s porosity and water absorption. Equation (5)
determined % porosity using the estimated parameters, which are as follows:

Satwt — D
open pore Volume> %100 — (( atwt rywt)> x 100 ©)

Porosity percentage (%) = ( total volume Satu; — Susur

where Saty is the weight of the biochar when it has boiled in water for two hours, and
Susyt is the weight of the biochar after it has been submerged in water for twelve hours.

4.5. AgNPs Biosynthesis

The technique previously mentioned by Gurunathan et al. was used to examine
the fungal strain’s capacity to produce AgNPs [56]. One mL of approximately 10* spore
suspension of the fungal isolate Emericella dentata was first grown aerobically at 30 °C for
96 h in broth medium (pH 7.0) containing 1.0% (w/v) glucose, 1.0% (w/v) yeast extract, and
0.5% (w/v) NaCl. Filtration was used to collect the fungal biomass, which was completely
washed with sterilized distilled water before being resuspended in 100 mL of buffered,
sterilized, and deionized water (pH 7.0) and incubated for 72 h in an orbital shaker at
30 °C and 150 rpm. By adding another filtration step, the liquid component of the biomass—
deionized water suspension was obtained. Silver nitrate was then added to the filtrate
that had been collected. The produced mixture was incubated at a controlled temperature
(30 °C) in a shaker incubator (150 rpm) in the dark until a change from a light yellow to a
dark brown color was evident.

4.5.1. AgNPs Characterization

Using a UV-1800 spectrophotometer, we measured the absorbance of the resulting
brown color, which indicated the synthesis of AgNPs. The reaction solution was centrifuged
at 15,000 rpm for 20 min on several occasions to remove the bio-formed silver nanoparticles
(MIKRO 200 R, Hettich, Westphalia, Germany). After being washed in deionized water,
the nanoparticles were resuspended. Once the silver nanoparticle pellet was recovered, it
was dried in a vacuum (VWR 1410 Vacuum Oven, Radnor, PA, USA). TEM images of the
manufactured AgNPs’ size distribution, shape, and form were captured using an FEI Versa
3D Dual Beam equipment (FEI, Malvern, PA, USA). MAXima-X XRD-7000 was used to
determine the crystalline nature of the synthesized AgNDPs. Proteins and other molecular
structures were identified using a Bruker Alpha FTIR spectrometer as potential factors in
AgNP stability [6,57-59].

4.5.2. The Size Distribution of the Particles and Their Zeta Potential

The Zeta-sizer Nano Z590 was utilized so that both the particle size of the AgNPs
as well as their zeta potential could be determined (Malvern Instruments, Malvern, UK).
The investigation was conducted at 25 °C and a dispersion angle of 90 degrees utilizing
samples of varying intensities that had been prepared with deionized water and distilled
water, respectively.

4.6. The Antibacterial Activity of Silver Nanoparticles, Biochar, and Their Combination

The biosynthesized AgNPs, biochar, and their combination were tested against Gram-
positive bacteria such as S. epidermidis, S. aureus, Bacillus cereus (ATCC 11778), Listeria
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monocytogene (ATCC 7644) as well as Gram-negative bacteria such as Escherichia coli 0157:H7
(ATCC 43888), E. coli, P. aeruginosa, P. aeruginosa (ATCC 10145), Salmonella Typhi (ATCC
14028), and E. coli (ATCC 25922). All the ATCC bacterial strains were supplied by Ben
Hayyan—Agqaba International Laboratories, Jordan, and were maintained on MH agar until
use. Using the Kirby-Bauer disk diffusion susceptibility test technique, the antibacte-
rial activity of AgNPs, biochar, and their combination against the previously described
pathogenic bacteria was assessed [60]. Using a sterile cotton swab, the bacterial strains
were dispersed on Mueller-Hinton agar (MHA) (Merck, Darmstadt, Germany). The stock
solution for AgNPs, biochar, and their combination were prepared as follows: 1 mg/mL
AgNP solution (AgNPs-S), and 1 mg/mL biochar solution (BS) which was kept for 24 h
at 25 °C while being shaken. The phosphate-buffered water used as the aqueous solution
had a pH of 7.4 (Invitrogen, Waltham, MA, USA). AgNPs-5+BS mixture was made by
combining 100 puL of AgNPs-S and 100 pL of BS solutions, and both were vortexed multiple
times before use. To obtain 10 ug/disc of AgNPs and 10 pg/disc of biochar, as well as
a combined 5 pg/disc of biochar and 5 pg/disc of AgNPs, 10 uL of AgNPs-S, BS, and
AgNPs-5+BS were then poured onto each of the sterile 6 mm discs that had been placed
on the plate. A center disc, without AgNPs, biochar, or their combination was maintained
as control. The plates were then incubated for 24 h in a 37 °C incubator. The presence of
growth-inhibitory zones was regularly checked after incubating the plates. The size of the
zones of inhibition (ZOIs) was reported after being measured with a ruler. Each test was
repeated three times [61-63].

4.6.1. MIC Determination

Using the broth micro-dilution method described by the Clinical and Laboratory
Standards Institute (Wayne and Clinical and Laboratory Standards Institute 2012). The
MIC of AgNPs, which is defined as the lowest concentration of AgNPs at which there
is no detectable bacterial growth, was determined. The test was performed in triplicate
using the nutrient broth for bacterial growth on 96-well microtiter plates. Each well of the
microtitre plate was kept at a final bacterial concentration of 5 x 10° CFU mL~!. Several
concentrations of AgNPs, ranging from 0.016 to 1024 pg/mL, were examined for their
effects on various bacteria. The growth of each of these different bacteria was not inhibited
by biochar alone using multiple concentrations. In fact, for all the synergistic testing
with varied AgNP concentrations, a fixed biochar concentration of 50 pug/mL was used.
Two controls were utilized in the experiment: a positive control, which was a broth that
had been combined with bacterial inoculum, and a negative control, which was a broth
that was sterile and had not been inoculated. The bacterial microtitre plates were kept in
an incubator for a duration of 24 h at a temperature of 37 °C. Then, an estimate of the MIC
values was determined by a manual calculation [64].

4.6.2. Cancer Cell Lines” Culture

Human lung cancer cell line A549 (ATCC CCL-185) and human periodontal ligament
fibroblast cell line (PDL) were employed. The human lung cancer cell line A549 (epithelial
cell, lung; derived from the metastatic site; CCL-185™) was obtained from the University
of Jordan, Amman, Jordan. Human periodontal ligament fibroblasts (PDL) were isolated
from the ligament that fastens the molars to the jawbone. Both cell lines were propagated in
DMEM with 10% FBS, 10 mM HEPES bulffers, 100 ng/L L-glutamine, 50 png/L gentamicin,
100 pg/L penicillin, and 100 mg/L streptomycin in a humidified 5% CO, incubator at
37 °C.

4.6.3. Cell Harvesting and Counting

First, all the cells were rinsed in flasks measuring 75 cm? with 3-5 mL of phosphate
buffer saline (PBS). Next, 1-2 mL of trypsin was added to each flask, and the process was
repeated until the cells were able to detach from one another. After the fresh medium
was added to each cell line in an amount that was comparable, the mixture was pipetted
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thoroughly to dislodge any clumps and create a single-cell suspension that was consistent
throughout. For each individual cell line, the frequency and ratio of cell propagation
were uniquely characterized. After attaining the necessary number of cells, the cells were
multiplied through propagation once every two to three days. After combining 25 uL of
the collected cell suspension with 100 pL of a trypan blue dye solution containing 4% w/v
of trypan blue, the cells were then counted by moving the cell suspension to the edges of a
hemacytometer slide [65].

4.6.4. Cytotoxicity Assay

Both the biochar and the AgINPs were tested separately (3—200 pg/mL) as well as
together for their potential to be cytotoxic to cancer cells. Untreated cells were used
as control. The viability of the cells present in the culture was utilized as the basis for
cytotoxicity studies. After the cells had been plated into 96-well plates with a density of
1 x 10* cells per well and cultured for 24 h at 37 °C in DMEM, the cells were treated for
an additional 48 h in DMEM containing various doses of biochar and AgNPs. The MTT
assay was then carried out in the following manner: the media were first discarded, and
the cells in each well were then incubated at 37 °C for four hours with 20 uL. of an MTT
solution containing 5 mg/mL of the substance. The MTT solution was then discarded
and 200 pL of dimethyl sulfoxide (DMSO) was added to dissolve the insoluble formazan
crystals. Optical density readings were taken at 570 and 630 nm (data were collected from
three independent wells). Primary cell cultures of human periodontal ligament fibroblasts
(PDL) and human lung cancer (cell lines of A549 ATCC CCL-185) were utilized for the
verification of selective cytotoxicity with the goal of obtaining the lowest antiproliferative
IC50 values. All experiments were carried out in triplicates to ensure accuracy, and the
IC50 antiproliferative activities were presented as the mean values with standard deviation
(n =3) [65,66].

4.6.5. Gene Expression Level Assay

Cancer cells were grown in 6-well plates with 1 ug/mL at a density of 1 x 10° cells
per well [67]. The changes in fold expression of IL-6, IL-1(3, TNF-«, Cyclin D1, BCL-2, and
caspase-3 genes were measured after 24 h of incubation with the chosen concentrations of
biochar and AgNPs [68].

4.6.6. Ribonucleic Acid (RNA) Extraction and Analysis

RNeasy Mini kit was employed to collect total RNA (QIAGEN, Germantown, MD,
USA). Cell pellets were taken out of the —80 °C freezer, defrosted on ice, and then re-
suspended in 500 pL lysis solution containing 2-mercaptoethanol. To eliminate cellular
debris, an equal volume of 500 pL of 70% ethanol solution was added to the filtering lysate
and carefully vortexed. The cell lysates were then passed to the RNeasy Mini spin columns
and spun at 10,000 revolutions per minute for 15 s. A binding column contained the whole
RNA that had been trapped. The collection tubes were brought back to a binder column
after the flow-through liquids were discarded. The tubes were subjected to 3 wash phases.
A fresh collecting tube was then used to hold the binding columns. To extract the RNA,
50 pL of RNase-free water was added straight away to the spin columns’ membranes
and centrifuged at 10,000 rpm for one minute. Refined RNA was promptly collected and
stored at —80 °C. Using Nanodrop ND-1000 spectrophotometers, the recovered total RNA's
concentration and purity were assessed (Thermo Scientific, Wilmington, DE, USA). The
optical densities at 260 nm and 280 nm were calculated. For most of the RNA-isolated
specimens, the proportion (A260/A280) was between 1.8 and 2.1.

4.6.7. Complementary Deoxyribonucleic Acid (cDNA) Synthesis

cDNA was created utilizing a reverse transcription technique (Applied Biosystem,
Waltham, MA, USA). An amount of 2 ug of total RNA and 1 uL of oligo-deoxythymidine
primers were added to a microcentrifuge tube and heated on a thermocycler C1000 for
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five minutes at 65 °C (Bio-Rad, Hercules, CA, USA). The tubes were immediately cen-
trifuged, after which they were placed in ice. The accompanying chemicals were used
to create the 20 pL reaction solution: 1.4 uL of 25 mM MgCl, and 4 pL of a combination
of 10 mM dNTPs, avian myeloblastosis virus reverse transcriptase (1 uL), recombinant
RNasin® ribonuclease inhibitor (1 uL), Shirley, NY 11967, USA, and reverse-transcribed
10x buffers (2 uL) (AMV-RT). The following were the temperature requirements of cDNA
synthesis: The microcentrifuge tubes were incubated for 30 min at 37 °C. The specimens
were heated for five minutes at 95 °C as part of the denatured protein phase. Following
a 5 min incubation period at 4 °C, microcentrifuge tubes were stored at —80 °C for later
examination. Nanodrop ND-1000 spectrophotometers were used to measure the amount
and quality of cDNA (Thermo Scientific, Wilmington, DE, USA). The optical densities at
260 nm and 280 nm were calculated, and for most of the cDNA retrieved specimens, the
proportion (A260/A280) was between 1.6 and 1.8.

4.6.8. Relative Quantitative RT-PCR Analysis

Fast SYBR green kappa master mixes were used for relative quantitative assessments of
the mRNA expression rates of the investigated enzyme (Biosystem, Foster City, CA, USA).
In each PCR reaction, 200 nM of the forward primers and 200 nM of the reverse primers
were mixed with a mixture of 1x concentration KAPA SYBR greens fast master solution,
1-2 uL of cDNA templates, and adjusted to a final volume of 20 pL. Table 3 contains a list
of the primer combination sequences that were employed. The IQ5 multicolor real-time
PCR detection system (Bio-Rad, USA) was used to carry out the PCR amplifications. Every
process ended with melting curves that ranged from 70 to 95 °C. To normalize the expres-
sions of the examined genes, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
employed as an internal reference gene. The efficiency of the PCR reaction was evaluated
using the calibrating curves method for comparable quantitative measurements. The Pffafl
technique (Equation (6)) was used to calculate the mRNA expression statistics [69].

(E ) ACt(target)
RQ _ target ( 6)
(E ’ )ACt(reference)
rererence
where,
ACt(target) = Ct (target gene in calibration) — Ct (target gene in test);
ACt(reference) = Ct (reference gene in calibration) — Ct (reference gene in test).
The amplification efficiency was calculated using Equation (7):
E=10"1 /slope 7)

In one instance, the effectiveness was 2 (the effectiveness of both the targets and
references genes is equal to 2), and the slopes were —3.32 if the number of references and
targeted DNA areas are doubling each cycle, which is calculable assuming (Equation (8)):

2ACt(target)

RQ = 2ACt(reference)
— 7[ACt(target)) —ACt(reference)]

— 7[(Ct(target,calibrator) —Ct(target,test) |- [(Ct(reference,calibrator) —Ct(reference test)] 8)
— 7—[(Ct(target,test)) —Ct(target,calibrator)] —[(Ct(reference, test) —Ct(reference,calibrator)]
— 7 AACE

Our results were obtained from three independently performed experiments.
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Table 3. List of primer sequences used for the selected genes.

Gene Name or Symbol Primer Sequence

Forward: 5'-ACC TGA GGA GCC CCA ACA A-3
Reverse: 5'-TCT GCT CCT GGC AGG CC-3'

Forward: 5'-GGTACATCCTCGACGGCATCT-3/;

Cyclin D1

IL-6 Reverse: 5'-GT GCCTCTTTGCTGCTTTCAC-3'
g Forward: 5'-ATGGCAACTGTTCCTGAACTCAAC-3'
Reverse: 5-CAGGACAGGTATAGATTCTTTCCTTT-3'
N Forward: 5'-ATGAGCACAGAAAGCATGATCC-3'
Reverse: 5'-TCACAGAGCAATGACTCCAAAGTAG-3
BCL2 Forward: 5-AAG CCG GCG ACG ACT TCT-3’
Reverse: 5'-GGT GCC GGT TCA GGT ACT-3'
Forward: 5-AGCAAACCTCAGGGAAACATT-3,
caspase 3

Reverse: 5'-CTCAGAAGCACACAAACAAAACT-3

4.7. Statistical Analysis

A non-parametric Mann-Whitney test was employed to investigate any significant
group differences. Additionally, Dunnett’s post hoc test was employed after a one-way
analysis of variance (ANOVA) for data that were regularly distributed. SPSS version 22
was used to analyze the data (SPSS, Inc., Chicago, IL, USA). The remaining findings are
displayed as the means and standard deviations (SD) of 3—4 separate studies. Dunnett’s
post hoc test was used to examine the statistical differences between the control and various
treatment groups after performing an ANOVA on GraphPad Prism. A p-value of less
than 0.05 was regarded as statistically significant for all statistical analyses. A statistical
difference was deemed to be very significant if the p-value was <0.001.

5. Conclusions

In conclusion, this is the first investigation that uses AgINPs and biochar in combination
against pathogenic bacteria and lung cancer cells. Although biochar by itself exhibited no
antibacterial action, the combination of the two possessed synergistic antibacterial activity
(14.5-21.5 mm inhibitory zones). The A549 (ATCC CCL-185) and fibroblast cell lines used
in this work were susceptible to AgNPs alone, and the effect was more potent when
combined with biochar. The present study found that silver nanoparticles produced by
fungi and biochar possess cytotoxic properties that can be used in biomedical applications.
Our findings showed that biosynthesized AgNPs with biochar in minute quantities could
potentially be employed to treat drug-resistant bacteria and lung cancer epithelial cells.
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Abstract: Extracellular vesicles (EVs) are membrane-enclosed particles that have attracted much
attention for their potential in disease diagnosis and therapy. However, the clinical translation
is limited by the dosing consistency due to their heterogeneity. Among various characterization
techniques, nanoparticle tracking analysis (NTA) offers distinct benefits for EV characterization. In
this review, we will discuss the NTA technique with a focus on factors affecting the results; then,
we will review the two modes of the NTA techniques along with suitable applications in specific
areas of EV studies. EVs are typically characterized by their size, size distribution, concentration,
protein markers, and RNA cargos. The light-scattering mode of NTA offers accurate size, size
distribution, and concentration information in solution, which is useful for comparing EV isolation
methods, storage conditions, and EV secretion conditions. In contrast, fluorescent mode of NTA
allows differentiating EV subgroups based on specific markers. The success of fluorescence NTA
heavily relies on fluorescent tags (e.g., types of dyes and labeling methods). When EVs are labeled
with disease-specific markers, fluorescence NTA offers an effective tool for disease detection in
biological fluids, such as saliva, blood, and serum. Finally, we will discuss the limitations and future
directions of the NTA technique in EV characterization.

Keywords: extracellular vesicles; exosomes; nanoparticle-tracking analysis; fluorescent labeling

1. Introduction

Extracellular vesicles (EVs) are membrane-enclosed particles naturally secreted by
various cells [1]. EVs play significant roles in regulating cell-cell communication [2,3], di-
recting cell behaviors [4-6], and are able to cross biological barriers [7]. Recently, numerous
studies have shown that EVs are effective tools for disease diagnosis, such as neurological
disorders [8-10], cardiac diseases [11], cancer progression [12-14], and metastasis [15,16].
However, the clinical translation of EVs is hindered by the lack of standardization in
EV quantification [17]. The challenges of EV quantification result from their intrinsic
heterogeneity. First, EVs have large heterogeneity in size (e.g., exosomes of 30-130 nm,
microvesicles up to 1000 nm, and micro-sized apoptotic body) and EV cargos (e.g., miRNA
and protein biomarkers) [18]. Second, EVs can be secreted from diverse sources, produc-
tion conditions can vary greatly, and the secretion process is highly dynamic [19]. Many
isolation and purification methods are available, such as ultracentrifugation, microfluidic
separation, immunoalffinity capture, filtration, etc. [20-24]. All of these factors consequently
lead to large variations and inconsistency in EV dosing during preclinical and clinical
studies (e.g., 10°~10'* EVs/dose or 5 pg-6 mg proteins/dose). The inconsistency in dosing
makes it impractical to cross-compare the therapeutic potentials of EVs. The large dose
disparity further highlights the limitation in quantification methods during manufacturing
and the crucial need to establish a consistent EV dosing strategy [25-27]. Therefore, there is
an urgent need to establish consistency in EV quantification [28].

Many strategies have been developed to characterize EVs, and complementary tech-
niques are typically used to obtain desirable information, such as transmission electron

Molecules 2024, 29, 4672. https:/ /doi.org/10.3390/molecules29194672 126 https://www.mdpi.com/journal /molecules



Molecules 2024, 29, 4672

microscopy (TEM) for size and morphology, especially cryo-electron microscopy [29], enzyme-
linked immunosorbent assay (ELISA), or flow cytometry and immunostaining for surface
marker confirmation, and protein profiling by mass spectrometry [30,31]. Furthermore, emerg-
ing techniques continue to be developed, such as Raman tweezers microspectroscopy for
chemical composition without labeling [29]. Regardless of potential applications, proper
choices of characterization techniques for EV analysis are critical [32]. Among various charac-
terization techniques, nanoparticle-tracking analysis (NTA) has proven to be one of the most
useful methods for EV characterization, as it provides information about EV size, size distri-
bution, and concentration in solution. In conjunction with fluorescent labeling of EV-specific
biomarkers or disease markers, NTA in fluorescent mode allows for distinguishing different
subpopulations and for disease detection in biological fluids.

In this review, we will discuss the NTA technique in both light scattering and fluores-
cent mode. In particular, we will highlight the factors affecting the specific information
for NTA analysis. For example, practical considerations in the size and concentration
measurement of EVs for light-scattering mode will be covered along with their practical
applications. Beyond the size, size distribution, and EV concentration, it is critical to
characterize protein and RNA markers to confirm EV phenotypes. With specific fluorescent
labeling of EV protein markers, the fluorescent mode of NTA allows for the characterization
of EVs in much specificity. The fluoresce-based NTA greatly depends on the fluorescent
tags for EV labeling. The types of fluorescent tags not only influence the quality of NTA
results but also define suitable applications. Here, special attention will be given to EV
detection in biological fluids for potential disease diagnosis. Finally, we will discuss NTA’s
limitations and future direction to address the need for standardization.

2. NTA Technique

NTA is a widely used technique to visualize and characterize EVs, providing various
information from a single technique, such as size, size distribution, concentration, surface
biomarkers, etc. [33]. NTA tracks the Brownian motion of nanoparticles in a solution us-
ing a laser beam, which uses a high-sensitivity camera to capture the scattered light from
nanoparticles in real-time. By analyzing trajectories of nanoparticles frame by frame within
a certain period, the diffusion coefficient of each particle is calculated from its motion, and
the hydrodynamic diameter is subsequently calculated using the Stokes—Einstein equation.
Currently, there are two modes of NTA based on detecting signals either from the scattered
lights from EVs or fluorescent emission of fluorescence-labeled EVs, as illustrated in Figure 1.
NTA instruments currently have four choices of lasers (e.g., 405, 488, 532, or 642 nm).

Size, size distribution, concentration « Size, size
distribution,
sCMOS concentration
Camera - EV confirmation
» EV phenotypes

Scattered
NTA

Scattered

Light Fluorescent
Suspended NTA with filters
EVS® o % %0 %" OF % 0 Light
L e : rol Filters
aser Metalized Q N
Glass Surface 9

¢

Figure 1. Illustration of NTA measurement principle in scattering and fluorescent modes along with
obtained EV information, where the various colored circles indicated that different wavelength of
emission lights can be collected by the selection of appropriate filter.
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Along with the appropriate filters, a wide range of fluorescent tags can be used to
facilitate fluorescence measurements of EVs. The light-scattering mode NTA has the same
working principle as dynamic light scattering (DLS), both of which track the Brownian
motion of the objects by detecting the scattered lights [34]. DLS is another commonly
used technique to characterize EVs in solution [32]. DLS only provides information on
EV size and size distribution by analyzing the scattered light intensities. However, NTA
generates a number-based size and size distribution by visualization. Compared to NTA,
DLS does not offer information related to concentration or numbers because it analyzes
all particles in solution simultaneously [35]. In addition, DLS has challenges in analyzing
polydisperse samples, where scattered lights from larger objects dominant over the smaller
ones. One benefit of DLS over NTA is the upper detection threshold of around 6 um versus
1 pm for NTA [36]. In general, the size obtained from DLS is slightly larger than that from
NTA because of the intrinsic heterogeneity of EVs and the domination of scattered light by
larger-sized objects [37].

Typically, the light-scattering mode of NTA provides accurate size and concentration
information in solution. The measured EV sizes typically agree well with other techniques,
such as TEM [38]. However, sample conditions greatly affect NTA measurements, such
as sample dilution, EV purity, measurement temperature, etc. In addition, the instrument
settings, video acquisition, and data analysis settings all require calibration and optimiza-
tion for consistent results [39]. It has been shown that the types of standards to calibrate
the instrument were also important for EV measurement [39]. A comparison of measured
EV size and concentration by the same operator using two NanoSight NS500 instruments
at different laboratories suggested a large variation between EV size and concentration
depending on applied instrument settings and technical conditions [40]. In the study,
both intra-assay (within a day, n = 6) and inter-assay (day-to-day, n = 6) variations of
EVs from different isolated methods were studied. It was suggested that the intra-assay
variation, day-to-day variation, and operator variation were not significant on the same
instrument. However, significant variation was observed between two instruments using
identical software settings, which was attributed to instrument-optimized settings. This
study emphasized the importance of consistent instrumental settings, standard operat-
ing procedures, and data analysis protocols. Therefore, proper sample preparation with
standardized protocols is critical for NTA analysis of EVs to ensure accurate size and
concentration. These conditions (e.g., sample dilution, choice of buffers, and removal of
aggregates or contaminants) can significantly influence the NTA results. In addition, regu-
lar calibration of NTA instruments is essential to ensure accurate size and concentration
measurements, such as camera settings, laser alignment, and temperature control. Finally,
data acquisition and analysis parameters, such as frame rate, camera shutter speed, and
tracking setting, also need attention. It is desirable that these parameters are optimized
according to the sample to be measured to improve the reliability of the measurements.
Therefore, it is critical to include instrumental settings and operating conditions when
reporting experimental data of EVs from NTA.

When operated properly, NTA measurement provides fast and accurate information
on EV size, size distribution, and concentration. For example, NTA-measured sizes of
EVs isolated from conditioned media of human placenta-derived mesenchymal cells by
differential centrifugation agreed well with the sizes obtained from TEM [38]. The size
distribution obtained from NTA measurement provides insights into the heterogeneity of
the EV populations because different types of EVs (exosomes, microvesicles, and apoptotic
bodies) have distinct size ranges. However, the light-scattering mode of NTA cannot
differentiate EVs from other nanosized objects, such as protein aggregates, contaminations,
and salt precipitates. Consequently, the fluorescent mode of NTA was developed, which
detects fluorescently labeled EVs. Switching from scattering to fluorescence mode, a long-
pass filter is normally used to block the excitation wavelength. The fluorescent mode of
NTA not only provides more accurate size and concentration information but also allows
for the confirmation of EV types. When EV samples are analyzed in both light scattering
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and fluorescent modes, the percentage of EVs with labeled specific protein markers can
be obtained in the solution. With the capability of multiple labeling, biomarker-positive
or negative EVs allow the establishment of EV profiling as a supporting method for
EV quantification.

In summary, NTA provides real-time EV analysis in solution, yielding accurate infor-
mation regarding EV size, size distribution, and phenotypes. If EV samples are properly
prepared and NTA instrument parameters are well calibrated, NTA quantification is highly
valuable for a number of EV studies, such as the evaluation of isolation methods, dynamic
studies of EV production and release, and EV detection based on surface markers. The
selection of light-scattering mode vs. fluorescent mode will depend on the study needs and
the information to be obtained.

3. EV Characterization with Light Scattering Mode of NTA

In the scattering mode of NTA, the solution sample is illuminated by a laser and
the scattered light from the particles in solution is captured by a camera. The software
algorithms analyze the particle trajectories to determine their hydrodynamic diameter and
concentration. However, the light-scattering mode of NTA does not provide EV-specific
information. Compared to other techniques, such as TEM and immunostaining, NTA is
noninvasive with quick data acquisition, offering an effective tool for quickly comparing EV
isolation methods, storage and EV release conditions. Numerous EV studies have utilized
NTA as the primary characterization tool for EV size and concentration measurement. First,
the scattering mode of NTA provides a high-resolution size distribution profile, enabling
the characterization of the heterogeneity of EV populations based on the size distribution
(e.g., exosomes, microvesicles, and apoptotic bodies). For example, NTA has a typical
measurement size range of 50 nm~1 um [36] with improved upper bound size around 2 um
for carefully prepared samples [41]. Compared to exosomes and microvesicles, apoptotic
bodies are much larger (up to 5 um) [42,43], which directly affects the measurement
accuracy because of the lower particle number per analyzing volume and possible particle
overlaps [36,37].

On the other hand, exosomes smaller than 50 nm are challenging for NTA to ana-
lyze. For uniform EVs less than 50 nm, DLS can provide a more reliable analysis of size
and size distribution. Comfort et al. reported a detailed NTA protocol for quantifying
the size and concentration of EVs isolated from mouse perigonadal adipose tissue and
human plasma [33]. By analyzing EVs of different subpopulations from the human pla-
centa and plasma using NTA, Soo et al. recommended several considerations for sample
preparation [44]. First, the light-scattering mode of NTA has a low size detection limit of
~50 nm, smaller than which may not be quantified accurately. Second, NTA has an effective
EV concentration of 108-107, but the accuracy of size measurement decreases for poly-
disperse samples. Tian et al. [45] recently presented a study to search critical parameters
for the standardization of size and concentration determination of nanomaterials by NTA
using polystyrene and SiO; standard nanoparticles. The search result suggested an optimal
concentration of 103-10° particles/mL. Therefore, a proper sample concentration is critical
for NTA camera detection with all EVs that are detectable but without overlaying.

Because NTA provides accurate size and concentration information, the NTA tech-
nique has been the most useful tool to quantify EV yields from different conditions and
monitor EV storage conditions. For example, the size and concentration of EVs isolated
from human induced pluripotent stem cells and mesenchymal stem cells were accurately
quantified by NTA [46]. NTA is also highly valuable for evaluating isolation efficiency
and cross-comparison of EV isolation methods of various samples [47]. The NTA size
measurement of EVs isolated from conditioned media of placenta-derived mesenchymal
cells had a good agreement with TEM results of negative stained EVs [36]. Another study
by Ekstrom et al. [48] isolated EVs from lymphatic drain fluids of seven patients with breast
cancer the day after axillary lymph node dissection and subsequently quantified EV concen-
tration by NTA, along with other techniques. NTA EV concentration coupled with protein
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quantification was used to evaluate the efficiency of the EV isolation process, and the ratio
of EV number and protein amount served as an indicator of EV purity. NTA concentration
quantification of urinary EVs isolated from the urine of 32 patients with varying levels of
albuminuria showed the need for cautious interpretation of NTA concentration of EVs in
biological fluids containing high proteins [49].

The accurate size and concentration measurement of NTA offers an effective tool for
studying the stability of EVs. EV membrane disruption will not only change EV size but
also decrease EV concentration. For example, the storage conditions (e.g., —80, —20, and
4 °C) of EVs isolated from HEK293T cells were studied by NTA in scattering mode as a
function of time [50]. With increasing storage time, the disruption of EV membranes led
to a reduction of EV concentrations. Therefore, NTA-based concentration quantification
was more accurate and effective in monitoring the integrity of EVs compared to bulk RNA
or protein quantification. Accurate determination of EV concentration is also critical for
dose-response studies in therapeutic applications. EV number per unit volume has been
one of the most commonly used EV dosing strategies in preclinical and clinical studies,
where NTA has been the primary technique used to quantify the dose of EVs [25].

Given that NTA provides EV size and concentration information in real-time in so-
lution, it allows for monitoring of EV release, aiding in optimizing culture conditions
and treatment times to enhance EV yield. Monitoring the dynamic production of EVs
from cultured cells over time can provide insights into cellular processes and the effects of
treatments. For example, the exosome and microvesicle release from human lymphoblas-
toid T-cell lines Jurkat and CEM were stimulated with known potentiators (ionophores
monensin and A23187) and quantified by NTA [44]. NTA quantification suggested that
the release of microvesicles and exosomes was dependent on the time and concentration
of potentiators. In the same study, NTA was applied to effectively monitor microvesi-
cle release from peripheral blood monocyte-derived dendritic cells treated with bacterial
lipopolysaccharide.

Furthermore, NTA has served as a great tool to study EVs isolated from body fluids,
such as saliva, whole blood, urine, etc. For example, NTA was shown to effectively detect
neuronal EVs in saliva for early detection of neurodegenerative diseases [51]. Despite the
demonstrated effectiveness of NTA in studying EV concentration in biofluids, the quality
of the results is highly dependent on sample preparation and instrumentation settings.
Because NTA in light-scattering mode cannot differentiate EVs from other nanoparticles,
the quantification of EV size and concentration in biological fluids with high protein
contents will further increase the difficulty. A study using NTA to analyze EVs from neat
biofluids (human serum and pericardial fluid) of patients undergoing cardiac surgery
and from healthy controls suggested that several factors affected the NTA results, such as
contamination from lipoproteins, sample freeze-thaw cycles without filtration, video frame,
and EV numbers per frame [52]. To ensure cross-comparison among various studies, it is
important to establish standard operating procedures for sample preparation, purity, and
reference methods and materials. Sometimes, the types of NTA instruments also contribute
to the consistency variation among EV characterization. For example, Bachurski et al.
have compared the accuracy and repeatability of EV analysis from two NTA instruments
(Malvern’s NanoSight NS300 and Particle Metrix’s ZetaView) [53]. In this study, the size
and concentration of EVs from human serum and cell culture supernatants were compared
as a function of serial dilutions for sample preparation and freeze-thaw cycles. The
results suggested that ZetaView provided a more accurate and repeatable depiction of EV
concentration, whereas NanoSight NS300 supplied size measurements of higher resolution.

NTA has been demonstrated to be an effective tool to quantify the size and concentra-
tion of EVs in cell culture and human body fluids, which has been explored as a diagnostic
tool for disease detection. A study by Roni et al. compared EV concentration in patients’
saliva based on NTA quantification, which could be directly correlated to the progression
of cognitive impairment in Alzheimer’s disease [54]. This study suggested that NTA-based
EV quantification could be potentially used for early detection and cost-effective screening
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of diseases. Similarly, it was also shown that NTA could be used to detect EVs in other
biological fluids, such as urine [55]. However, NTA is typically not very effective in ana-
lyzing small-sized EVs. Parsons et al. [56] developed a protocol to improve the precision
and reproducibility of NTA to study EVs in the range of 50-120 nm in plasma [56]. It
was suggested that increasing video replicates led to a reduction in overall variance and
increased reproducibility.

In summary, the light-scattering mode of NTA is a non-destructive technique, allow-
ing for further analysis of the same sample. The fast and accurate size and concentration
measurement of NTA has demonstrated effectiveness in comparing EV isolation meth-
ods, studying EV purity and storage conditions, and monitoring EV production and
release. In addition, NTA measurement highly depends on the EV isolation methods and
sources. To ensure consistent results, many factors need to be considered, such as standard
sample preparation protocols, consistent instruments, data acquisition and analysis set-
tings. Despite the indisputable benefits in characterizing EV size, size distribution, and
concentration, NTA in the light-scattering mode cannot differentiate the EVs from other
nanoobijects, such as protein aggregates and other contaminants, which indicates the need
for fluorescent NTA.

4. EV Characterization with Fluorescent Mode of NTA

The fluorescent mode of NTA is an advanced version of the NTA technique, which
combines both scattered light and fluorescence detection. This approach is particularly
powerful for confirming EVs through labeling EV-specific protein markers. In the flu-
orescent mode of NTA, EVs can be labeled with fluorescent molecules that specifically
bind either to typical EV markers, such as tetraspanin (e.g., CD9, CD63, and CD81) or
cytosolic protein (e.g., TSG101, ALIX, and syntenin) or target a specific disease protein
marker. Switching from scattering to fluorescence mode, a long-pass filter is used to block
the excitation wavelength and fluorescent emission from the labeled EVs are detected.
Beyond the size and concentration, the fluorescent emission from the labeled EVs allows
for the differentiation of labeled EVs from non-labeled ones in a mixed population. The
most determent factor for fluorescent NTA is EV labeling (e.g., types of tags and labeling
methods). In this section, we will first discuss EV labeling and then review the practical
applications of fluorescent NTA in EV analysis.

4.1. EV Labeling

Fluorescent labeling of EVs refers to the incorporation of fluorescent molecules into
EVs. The fluorescent labeling enables direct visualization of EVs with high specificity and
sensitivity using the fluorescent mode of NTA. Numerous methods have been developed to
label EVs, which will be discussed in detail in terms of choices of fluorescent tags, labeling
strategies, and suitable applications. Depending on the labeling biomarkers, fluorescence
NTA can be applied to study EVs for diverse bio-applications in vitro and in vivo [57].

The fluorescent labeling of EVs can take place at the EV membrane, surface proteins,
or internal cargos [58], as illustrated in Figure 2. First, the most common EV labeling is
to use lipophilic dyes (e.g., PKH67, Dil, and DiO), which have a fluorescent head group
and a long hydrophobic tail capable of inserting into EVs [59]. Membrane dye labeling
has high labeling efficiency with strong fluorescent signals and minimal interference of
internal cargo. In addition, the labeling process is relatively straightforward and quick [57]
with developed labeling protocols [60]. Because membrane-labeling dyes stain all EVs, the
quantification of EVs labeled with membrane dyes by fluorescence NTA provides the total
counts of EVs regardless of phenotypes. On the other hand, the membrane dyes are non-
specific and label any lipid-containing particles; therefore, the purity of the isolated EVs is
critical to using membrane dyes as EV labels. For example, Chen et al. [61] systematically
investigated the correlation of labeling efficiency with EV purity, suggesting that a 60-80%
labeling efficiency for EVs isolated from conditioned cell culture media with EV purity
of ~88% and ~40-70% labeling efficiency for EVs isolated from platelet-free plasma with
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EV purity of ~73%. In addition, the insertion of dyes into the lipid bilayer of EVs may
affect their structure and function. The higher the labeling efficiency, the brighter the
fluorescent signal, but a significant amount of lipophilic dye insertion could alter the size
and structure of EVs. It was shown that excessive labeling with PKH26 could alter the
membrane integrity of EVs [61]. Compared to PKH26, di-8-ANEPPS and Dil showed higher
and more uniform EV labeling, with nearly 100% labeling efficiency for di-8-ANEPPS and
70-100% for Dil [61]. Unfortunately, dye aggregates and micelle structures were observed
for all tested membrane dyes in this study [61], indicating a general issue of the membrane
dyes for EV labeling.

Membrane labeling

Antibody labeling
of EV markers

Figure 2. Illustration of various labeling strategies of EVs, such as lipophilic dyes for non-specific EV
labeling, a fluorescent antibody targeting EV surface markers, or fluorescent protein (FP) fused to
either surface proteins or internal cytosolic proteins, and mRNA labeling.

Similarly, Midekessa et al. [62] investigated the effects of labeling conditions of
lipophilic CellMask™ Green dyes on EVs isolated from human choriocarcinoma cells
and different biological fluids using fluorescence NTA. By comparing EVs purified with
different methods and EVs from biological fluids, it was found that the increased dye con-
centration significantly decreased the observed EV size. This observed size shift indicated
the need to emphasize the optimization of dye concentrations to preserve the size of EVs
after labeling. However, another comparison study [63] by fluorescent NTA showed that
EVs labeled with lipophilic fluorescent dye molecules increased EV sizes at all labeling
conditions. In contrast, a membrane-permeable dye that localized inside EVs did not affect
the EV size, such as CFSE (5-(and-6)-carboxyfluorescein diacetate succinimidyl ester).

In addition to the alteration of EV structure, the labeling conditions must be carefully
evaluated in salt-containing buffers or media, where most of these lipid dyes generally
have low water solubility, readily forming micelles or aggregates. A study by Cha et al. [64]
described a facile method with efficient EV labeling using lipophilic fluorescent dyes
by adjusting the ionic strength of buffers with NaCl. Using cell-derived EVs labeled
with Dil as a model system, it was found that a low-salt condition (20 mM) improved
EV-labeling efficiency by a factor of 290 compared to high-salt concentration (150 mM).
Another concern about using lipophilic dyes for EV labeling is the complete removal of
unincorporated dyes that could cause background fluorescence [65]. A systematic study
of EV purification efficiency after the labeling with various purification methods was
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performed using fluorescent mode NTA. It was found that the purification step must be
carefully performed to ensure the accurate characterization of labeled EVs [66]. Therefore,
the proper selection of purification methods and labeling conditions are important to
membrane dye labeling. It was shown that increasing NaCl concentration in purification
buffers after labeling induced aggregate formation of free dye molecules, which could
be effectively removed through filtration [64]. Therefore, using a high salt concentration
to reduce off-target labeling could be developed into a general method [64]. Besides
the advancement of labeling and purification methods, new lipophilic fluorescent dyes
have also been explored. Shimomura et al. [67] recently reported the development of a
new type of dye consisting of a fluorescent cyanine group with an attached amphiphilic
moiety that showed excellent EV labeling with no aggregation and less EV alteration based
on the characterization by fluorescent NTA [67]. Alternatively, the fluorescent probes
can be encapsulated into the lumen of EVs by incubating dye molecules permeable to
bilayer membranes or nanoparticles by physical diffusion or active uptake, electroporation
or sonication [68]. It was found that luminal labeling of EVs has less effect on the EV
sizes [59].

One of the main drawbacks of membrane dye labeling is that it is non-specific, which
means it cannot provide EV-specific information. Therefore, to obtain EV-specific informa-
tion, the surface protein markers of EVs are commonly labeled with fluorescent antibodies
specific for biomarkers of interest. By far, many different fluorescent antibodies have
been developed against EV-specific surface markers (e.g., CD63, CD81, and CD9) that
are characteristic of the EVs of interest. When EV-specific antibodies are conjugated to
fluorescent dyes (e.g., FITC or Alexa Fluor—AF), EVs can be labeled directly and visualized
by fluorescent NTA. For example, Cho reported the multifluorescence of single EVs and
direct characterization by a modified form of fluorescent NTA [69]. Specifically, EVs were
labeled with a blue fluoresce dye (AF405) conjugated antibody against CD81, a green
fluorescent dye (AF488), a conjugated CD9 antibody, and a red fluorescent dye (AF647)
CD63 antibody. The labeled EVs were subsequently characterized with fluorescent NTA
with three excitation wavelengths (405, 488, and 638 nm). This study not only demonstrated
the effectiveness of specific EV labeling via EV marker antibodies but also showed the
feasibility of characterization of individual EVs using the fluorescent mode of NTA. The
fluorescent antibody labeling provides high specificity, enabling specific detection and
analysis of labeled EVs within a heterogeneous population. It also provides quantitative
data on the concentration and size distribution of specific EV subpopulations. Therefore,
this labeling strategy is best suited for EV confirmation and detection. For therapeutic ap-
plications or cell-cell communication studies, labeling surface protein markers may hinder
the biological functions of EVs. In addition, the effectiveness of labeling with fluorescent
antibodies depends on the antibody specificity, number of protein surface markers, and
fluorescent stability.

Alternatively, EV-specific surface proteins or structural proteins within EVs can be
tagged through genetic modification of EV-producing cells, yielding fluorescent protein-
fused EV proteins. Fluorescent protein can be fused to EV protein markers either as
recombinant proteins on the EV membrane or as internal cargo proteins in the EV lumen.
Once established, fluorescent labeling is consistent and reliable. This labeling strategy
enables facile functional analysis of EV components. For example, green fluorescent
protein (GFP) has been fused to typical EV markers, CD63 [70] and CD81 [71], allowing
for quantification and subpopulation determination of EVs by fluorescent mode NTA.
However, this EV-labeling process requires genetic modification of the parent cells, which
can be time-consuming and not applicable to all EVs. For example, the CD81 genes of
humans (Hus) or Chinese hamsters (CHOs) were fused with GFP via a flexible peptide
linker and then were expressed in CHO cells as recombinant proteins. Subsequently,
GFP-labeled EVs were isolated from those transfected CHO cells, and EV concentration
and yield across the EV purification process were quantified using the fluorescent mode
of NTA. NTA concentration of EVs isolated from the CD81-GFP (CHO) and CD81-GFP

133



Molecules 2024, 29, 4672

(Hu) cell lines showed that the CD81-GFP (CHO) cell line did not secrete non-fused GFP
while the expression of non-fused GFP from the CD81-GFP (Hu) cells was observed. EV
concentrations were higher in the CD81-GFP (CHO) cells compared to the CD81-GFP (Hu)
cells. For fused fluorescent protein fusion EV labeling, a systematic study of EVs with
GFP fused CD63 showed the highest fluorescent protein per EV no more than 40-60% [72].
Some of the GFP-tagged EV showed quenched fluorescence either due to non-EV particles
or the presence of truncated GFP. In addition, GFPs typically suffer from background
interference, while RFPs are less bright. Most recently, a study by Mao et al. demonstrated
effective EV labeling with a super-bright far-red fluorescence protein, mKate2 [73]. This
dye is considered the next-generation fluorescent label with super brightness and far-
red emission, high pH stability and photostability, low cytotoxicity, and low background
interference. The fluorescent mode of NTA showed effective incorporation of mKate2-
tagged protein into EV membranes with 90% labeling efficiency and without altering
the EV size [73]. Additionally, the EV surface proteins can be labeled directly via click
chemistry [74,75] to covalently attach fluorescent probes to the EV surface. This strategy
can utilize a wide range of fluorescent probes with numerous linkers being developed [68].
However, chemical modification may affect the functionality and integrity of EVs.

Labeling EV protein markers is somehow limited by the number of surface pro-
teins for enough fluorescent signals. Although fluorescent labeling with membrane dyes
(e.g., PKH27, PKH67, etc.) provides an adequate signal for EV detection, this approach
is non-specific and a higher amount of dye labeling was shown to alter the EV size and
structural integrity. Recently, a study by Baldwin et al. [76] demonstrated the feasibility of
determining the miRNA content of EVs isolated from A549 lung cancer cells using the fluo-
rescent mode of NTA. In this study, miR-21 was fluorescently labeled by the hybridization
of miRNA with fluorescently labeled, miRNA-specific molecular beacons encapsulated
in cationic lipoplex nanoparticles that fuse non-specifically with negatively charged EVs.
A stoichiometric analysis of miR-21 in EVs released from A549 lung cancer cells was
analyzed in relation to the total EV population from the light-scattering mode of NTA.
The result reported a threshold number of 33 miR-21 copies per EV required for fluores-
cence tracking. This study demonstrated the feasibility of fluorescent NTA analysis of
fluorescent-labeled miRNA, which could potentially be used for EV sizing, concentration
quantification, phenotyping, and identifying specific EV subpopulations in patient samples
for diagnostic applications.

As discussed above, numerous fluorescent tags and labeling methods have been
developed with their own pros and cons [77], as summarized in Table 1. By far, the
photostability of most dyes remains a major concern for long-time tracking [78]. A study by
Thane et al. [79] demonstrated reproducible NTA size and concentration quantification of
fluorescently labeled EVs with quantum dots (QDs). In conjunction with the light-scattering
mode, this study suggested that NTA offered an effective tool to estimate EV fraction with
a specific biomarker. QDs are nanocrystals with bright and stable fluorescent emission,
ideally suited for NTA applications. However, conjugation of larger inorganic nanoparticles
could affect antibody activities.

Table 1. A summary of various EV-labeling strategies.

Dye Types Binding Location Advantages Disadvantages Example

High labeling efficiency, Non-specific, aggregation,

Lipophilic dye EV membrane . alteration of EV size Refs. [52-55]
easy operation and structure
Non-specific, labeling
Membrane Easy operation, minimal efficiency-dependent labeling
permeable probes EV lumen alteration of EV membrane methods, possible EV Refs. [52,56,61]

structural disruption
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Table 1. Cont.

Dye Types Binding Location Advantages Disadvantages Example

Fluorescent EV surface or ngh spec1.f1c.1ty and hlgh Not applllgablle to all EVs, genetic

rotein fusion cytosolic proteins efficiency, minimal alteration modification of cells, and Refs. [62-66]

P of EV protein function non-fused proteins.

Fluorescent EV surface Limited number of surface

. . . Highly specificity proteins, alteration of Refs. [62,69]
antibody labeling protein markers ; .

protein function

Dye conjugation EV surface proteins High efficiency, versatile Protein function alteration, Refs. [67,68]

precise chemical modification

In summary, choosing an appropriate fluorescent labeling method for EVs depends
on the specific requirements of the study, such as the need for specificity, sensitivity,
and functional integrity. It is important to balance these factors to achieve reliable and
meaningful results.

4.2. Application of Fluorescent Mode of NTA in EV Characterization

The fluorescent mode of NTA is a powerful technique for EV characterization, offering
insights into EV phenotypes, precise EV size profiles, etc. Therefore, fluorescent NTA has
significant potential in the study of EVs for various in vitro and in vivo applications, such
as accurate size and concentration quantification in a mixed solution and EV phenotype
confirmation for disease detection. In this section, we will review the emerging applications
of fluorescent NTA in EV characterization.

Quantification of EV size and concentration: Compared to the light-scattering mode,
the fluorescent mode of NTA provides more accurate size, size distribution, and concentra-
tion of EVs, especially for EVs with low purity. For example, NTA number quantification of
EVs from plasma via CD 63 antibody labeling showed a significantly higher concentration
of EVs in plasma melanoma patients than in healthy donors [80]. This study suggested
the potential of the fluorescent mode of NTA in disease detection. In another study, EVs
isolated from the serum of hepatocellular carcinoma patients were labeled with lipophilic
membrane dye and quantified by fluorescent mode of NTA for total EVs [81]. In the same
study, isolated EVs were labeled with fluorescent antibodies against alpha-fetoprotein
(AFP) and glypican (3GPC3) markers. NTA concentration quantification of GPC3- and
AFP-positive EVs in hepatocellular carcinoma patient serum were compared to that from
healthy controls, indicating a positive correlation of serum concentration of GPC3-positive
EVs with tumor size. Therefore, this study demonstrated a proof-of-principle to use patient
serum-derived EVs as a diagnostic tool. Furthermore, by comparing the fluorescently
labeled EVs with the EV concentration of light-scattering mode, the fluorescent mode of
NTA could effectively study contaminants and subpopulations [77].

Confirmation of EV subpopulation: In addition to accurate determination of size and
concentration, NTA in fluorescent mode allows for the identification of EV phenotypes
based on specific biomarker labeling [76]. EVs are intrinsically heterogeneous, where
EV subgroups reflect various information related to biogenesis and characteristics of the
secreting cells. Fluorescence-mode NTA was used to study purified and non-purified EVs
from different cell sources, where the EVs were fluorescently labeled with both specific
dyes and antibodies for EV identification. It was shown that the fluorescent mode of
NTA effectively confirmed the presence of two EV subpopulations (85 nm and 135 nm) by
tagging the typical EV marker, CD63, fused with GFP and expressed in Hela cell line [70].
In addition to the size and concentration of EVs, the fluorescent mode of NTA was shown
to effectively detect EVs from human placental and plasma as small as ~50 nm and EV
phenotypes were confirmed through labeling with QDs conjugated with NDOG2 antibody
specifically against placental alkaline phosphatase [82].
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EVs can be fluorescently labeled with non-specific membrane markers for total EV
counts or labeled with antibodies specifically targeting surface markers of certain EV types,
where the comparison of these two EV concentrations yields the accurate percentage of
a specific EV type. For example, by proper labeling with fluorescent probes, fluorescent
NTA provides a way to identify the size and concentration of an EV subpopulation in
biological samples [83]. Another protocol development study [84] directly compared EV
quantification by fluorescence NTA when EVs were labeled with either general membrane
dye for total EV counts or with QD-conjugated antibody against disease-positive markers
on EVs for quantification of certain EV groups [84].

A study by Desgeorges et al. [85] reported the NTA quantification of EVs isolated
from umbilical cord mesenchymal stromal cells using fluorescent mode. The comparison
of EV concentrations from light-scattering mode versus fluorescence mode allowed for the
determination of the percentage of protein marker-positive EVs within a mixed particulate
solution. When EVs are labeled with multiple fluorescence tags, fluorescent NTA can detect
multifluorescence from single EVs by a modified form of fluorescent NTA [69]. Using EVs
derived from HEK?293 cells as a model system, multifluorescence labeling was demonstrated
by tagging CD81 with blue dye-conjugated antibody, CD9 with green fluorescent dye-
conjugated antibody, and CD63 with red fluorescent dye antibody. EVs with multilabeling
were analyzed effectively on a single EV level by a modified form of fluorescent NTA,
where four lasers of different wavelengths are modulated in a time-sequential manner with
on-off pattern (e.g., scattering with 520 nm laser — 405 nm laser excitation — scattering
with 520 nm laser — 488 nm laser excitation — scattering with 520 nm laser — 638 nm
laser excitation), as illustrated in Figure 3a. The scattering NTA mode provides total counts
of EVs while florescent NTA mode generates EV counts of a specific group, such as 405 nm
excitation for CD81-positive EV number, 488 nm excitation for CD 9-positive EV counts,
and 638 excitation for CD63 EV counts. By analyzing the fluorescence detected by NTA,
it suggested that only 20% of EVs had one or more EV-associated tetraspanin markers
(CDY, CD6Y, and CD81), and the majority of EVs are not fluorescent (either EVs lacking
those markers or contaminants) (Figure 3b). This NTA design enabled not only single EV
characterization but also the determination of localization of EV-associated tetraspanin
markers (CD9, CD69, and CD81) in a single EV.

Figure 3. Single EV analysis by a multifluorescence NTA with time-sequential illumination where
CD81, CD9, and CD63 markers were labeled by blue, green and red fluorescence, respectively:
(a) illustration of the detection process, (b) relative percentage of EVs with and without fluorescent
labels, and (c) comparison of detection of EVs with three CD markers by NTA and TIRFE. (Copyright
© 2021 American Chemical Society).

The quantifications of EVs labeled with multiple CD markers were compared with
results from total internal reflection fluorescence (TIRF) microscopy, resulting in results and
trends for EVs labeled with single markers, dual markers, and triple markers (Figure 3c).
TIRF microscopy is a highly effective optical tool that offers high resolution and in-
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stinctive results without additional processing [86]. Therefore, the comparison of these
two techniques also inferred that the NTA is a reliable method for EV analysis with
multiple labels.

Monitoring EV release: The accurate EV count allows fluorescent NTA to monitor
the dynamic process of EV release and uptake in real-time, providing valuable informa-
tion about their biological functions. For example, the fluorescent mode of NTA was
applied to study the effects of cell culturing conditions on the release of large-sized EVs
(e.g., microvesicles and apoptotic bodies) from human umbilical vein endothelial cells [87].
The NTA quantification suggested that cell density and conditioning time greatly affected
the concentration and size distribution of EVs. In another study [88], the fluorescent mode
of NTA was applied to study EV secretion from colorectal and glioblastoma cancer cells.
shRNAs targeting RAB27A, a trafficking-associated protein, were known to facilitate EV
secretion towards the plasma membrane. Therefore, shRNAs were used to alter EV release
in colorectal and glioblastoma cancer cells. NTA quantification of EV concentration showed
increased EV section under rotenone treatment or hypoxia conditions.

EV detection in biological fluids: The fluorescent mode of NTA is increasingly used in
disease detection and diagnosis by studying fluorescently labeled EVs with specific disease
markers. By leveraging the specificity and sensitivity of fluorescent labeling, disease-
specific EVs provide valuable insights for early diagnosis. For example, EVs in urine carry
specific markers of kidney damage, such as podocyte-specific proteins, e.g., podocin. By
labeling both typical EV marker CD63 and disease-specific marker podocin with ant-CD63
and anti-podocin antibodies, fluorescent NTA effectively detected and quantified podocin-
positive EVs in urine [55]. A study by Dlugolecka et al. [89] presented a comprehensive EV
phenotyping using the fluorescent mode of NTA for EVs isolated from bronchopulmonary
lavage fluid of patients with non-small cell lung cancer. The NTA quantification of EVs from
bronchopulmonary lavage fluid was compared with patient plasma-derived EVs, where
EVs were labeled with lipophilic membrane dye CMDR and fluorescent antibodies against
CD63 and CDY. The NTA-based phenotyping of EVs in plasma and bronchoalveolar lavage
fluid highlighted the importance of sample composition and EV purity to EV analysis by
fluorescent NTA.

Furthermore, it was demonstrated that fluorescent NTA can be used to characterize
EVs from human blood at a single particle level [90]. In this study, EVs were isolated
from human whole blood and labeled with PKH67, a common lipophilic green fluorescent
dye for membrane labeling. The NTA results were further validated by several typical
EV surface markers, such as CD63, CD9, vimentin, and lysosomal-associated membrane
protein 1. Similarly, small-sized EVs in saliva were effectively quantified by fluorescent
NTA. The NTA quantification of EV concentration showed a much higher EV concentration
in Parkinson’s disease patients than in the healthy control, serving as a diagnostic tool for
PD [91]. This study further suggested that fluorescent NTA could be used as a potential
tool to monitor disease progression with clinically acceptable sensitivity. However, a
detailed analysis of small-sized EVs isolated from urine by several complementary methods
suggested that the NTA evaluation of EVs is best supported by other methods [92]. In
addition, the MISEV2018 guideline recommended that at least one tetraspanin (e.g., CD9,
CD63, and CD81) and one cytosolic protein (e.g., TSG101, ALIX, and syntenin) should be
detected for the positive identification of EVs. Moreover, the presence of non-EV-specific
membrane markers (e.g., GM130) is an indication of potential contamination.

In summary, fluorescent mode NTA is a powerful tool for EV characterization, offering
enhanced specificity and sensitivity compared to light-scattering mode NTA. It is particu-
larly valuable for identifying and quantifying specific EV subpopulations, studying EV-cell
interactions, and investigating the functional properties of EVs. It is important to optimize
the experimental conditions to minimize operational effects from dye selection, labeling
methods, and the needs of specific applications. The choice of fluorescent markers and the
sensitivity of the NTA instrument are also critical for accurate detection and analysis.
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5. Conclusions and Perspective

In summary, it is indisputable that NTA is a valuable tool for EV characterization,
providing insights into EV size, size distribution, concentration, and heterogeneity. Many
factors are important for NTA results in characterizing EVs, such as proper sample prepa-
ration in terms of EV concentration, presence of contaminants, instrumentation calibration
(e.g., types, size, and concentration of calibration standards), and data acquisition and
analysis parameters. Therefore, it is always a good practice to include an instrumenta-
tion setting when presenting NTA data in a publication. For the two modes of NTA, the
light-scattering mode of NTA only provides size and concentration information but cannot
differentiate EVs from other nanoparticles, such as protein aggregates. In contrast, the
fluorescent mode of NTA offers a more accurate determination of the size and concentration
of EVs because it only measures the labeled EVs. In addition, the fluorescent mode of
NTA allows for the confirmation of specific types of EVs based on EV protein markers.
However, the fluorescent NTA is highly dependent on the fluorescent labeling of EVs,
which is affected by the labeling of fluorescent probes and labeling methods.

Despite some limitations, NTA continues to play a crucial role in advancing our under-
standing of EV biology and its implications in health and disease, such as the identification
of EVs as disease markers, monitoring EV release and cell-cell communication. In particu-
lar, the fluorescent mode of NTA is highly valuable for disease detection by using EVs in
body fluids. While NTA provides valuable EV information, it is often used in conjunction
with other techniques, such as TEM, immunostaining, and flow cytometry, for compre-
hensive EV characterization. Continuous advancements in NTA technology will further
enhance the importance of NTA in EV characterization for reproducible and comparable
data across studies. First, it is important to improve the standardization and reproducibility
of this technique in characterizing EVs through further advancement. These improvements
can include (1) developing standardized protocols for sample preparation, data acquisition
and analysis to ensure reproducibility across different laboratories, (2) establishing refer-
ence materials and calibration standards to improve the accuracy of NTA measurements,
and (3) developing automated NTA systems to reduce user-dependent variability and
increase throughput for large-scale studies. In addition, the sensitivity and resolution of
this technique may be further improved, such as increasing the sensitivity of NTA to detect
smaller EVs (<30 nm) and applying computational methods to enhance the resolution and
accuracy of size distribution profiles.

Furthermore, integrating NTA with other techniques may offer additional possibilities,
such as Raman spectroscopy, surface plasmon resonance, and mass spectrometry, to provide
comprehensive characterization of EVs, including their molecular composition and surface
markers. Finally, exploring the possibilities of integrating NTA with artificial intelligence
by implementing machine-learning algorithms to enhance data analysis and automating
particle tracking will provide deeper insights into EV populations and their heterogeneity.
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Abstract: The fabrication of zinc oxide-based nanomaterials (including natural and synthetic poly-
mers like sulfated polysaccharide, chitosan, and polymethyl methacrylate) has potential to improve
oral cancer treatment strategies. This comprehensive review explores the diverse synthesis methods
employed to fabricate zinc oxide nanomaterials tailored for oral cancer applications. Several syn-
thesis processes, particularly sol-gel, hydrothermal, and chemical vapor deposition approaches, are
thoroughly studied, highlighting their advantages and limitations. The review also examines how
synthesis parameters, such as precursor selection, the reaction temperature, and growth conditions,
influence both the physicochemical attributes and biological efficacy of the resulting nanomaterials.
Furthermore, recent advancements in surface functionalization and modification strategies targeted
at improving the targeting specificity and pharmaceutical effectiveness of zinc oxide-based nanomate-
rials in oral cancer therapy are elucidated. Additionally, the review provides insights into the existing
issues and prospective views in the field, emphasizing the need for further research to optimize
synthesis methodologies and elucidate the mechanisms underlying the efficacy of zinc oxide-based
nanoparticles in oral cancer therapy.

Keywords: ZnO nanomaterials; synthesis methods; surface functionalization; oral cancer

1. Introduction

Oral cancer remains a significant public health concern globally, with its incidence
steadily rising in recent years [1]. Despite breakthroughs in treatment modalities such
as surgery, chemotherapy, and radiotherapy, the long-term outlook for individuals with
oral cancer remains poor, owing mostly to late-stage detection and the limited efficacy of
available therapies against aggressive tumor morphologies [2]. As a result, there is a critical
requirement to develop unique therapeutic techniques that can selectively target oral cancer
cells while limiting systemic toxicity [3]. In this context, nanotechnology has become known
as an exciting approach for enhancing cancer diagnosis and treatment [4]. Nanomaterials,
with their unique physicochemical properties and tunable surface characteristics, offer
versatile platforms for drug delivery, imaging, and targeted therapy [5,6]. Zinc oxide (ZnO)-
based nanomaterials have gained popularity in recent years due to their biocompatibility,
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low toxicity, and photocatalytic characteristics. Furthermore, ZnO nanoparticles have
inherent anticancer activities due to their production of reactive oxygen species (ROS)
when exposed to light or UV radiation, making them promising candidates for cancer
therapy [7].

The manufacturing of ZnO-based nanomaterials is crucial for their use in oral cancer
therapy. Several synthesis methods have been established to produce ZnO nanoparticles
with exact sizes, shapes, and surface characteristics [8]. Sol-gel, hydrothermal synthesis,
chemical vapor deposition, and other novel procedures are among the options, each with
its own set of benefits and drawbacks. Understanding the impact of synthesis factors such
as precursor selection, reaction temperature, and growth conditions is critical for adapting
the properties of ZnO nanoparticles to the specific needs of oral cancer applications [9].
Furthermore, surface functionalization and modification strategies play an essential role in
enhancing the targeting specificity and therapeutic efficacy of ZnO-based nanomaterials.
By conjugating targeting ligands or enclosing therapeutic agents within the structure of
ZnO nanoparticles, researchers can achieve selective accumulations within tumor tissues
and improve drug delivery efficiency while minimizing off-target effects. Moreover, surface
modifications can also enhance the stability and biocompatibility of ZnO nanomaterials,
facilitating their translation into clinical practice [10].

Despite the significant progress made in the field of ZnO-based nanomaterials for oral
cancer applications, several challenges still need to be addressed. These include optimizing
synthesis methodologies to improve reproducibility and scalability, elucidating the mecha-
nisms underlying the anticancer activity of ZnO nanoparticles, and addressing concerns
regarding their long-term biocompatibility and safety [11]. Additionally, the development
of robust preclinical models that accurately recapitulate the complex tumor microenviron-
ment of oral cancer is essential for evaluating the efficacy and safety of ZnO nanomaterials
in vivo [12]. This comprehensive analysis aims to provide a thorough understanding of
the synthesis of ZnO-based nanomaterials for oral cancer applications.. Various synthesis
methods are used, the impact of synthesis parameters on nanomaterial properties, and
the importance of surface functionalization in improving their therapeutic efficacy are
analyzed. Furthermore, this review discussed current achievements in the field, as well as
the challenges and future prospects for developing ZnO-based nanomaterials as effective
oral cancer therapies. This review aims to enhance nanotechnology-based approaches for
precise cancer therapy by integrating existing knowledge and recommending topics for
future research.

2. Synthesis Methods for Zinc Oxide-Based Nanomaterials

Nanotechnology has revolutionized the field of materials science, offering precise
control over the synthesis of nanomaterials with tailored properties for various applica-
tions, including cancer therapy [13]. In the context of oral cancer treatment, ZnO-based
nanomaterials have garnered significant interest due to their inherent anticancer properties
and biocompatibility. Numerous synthesis approaches have been established to produce
Zn0O nanoparticles with exact sizes, shapes, and surface properties [14]. This section delves
into some of the most generally used synthesis methods for ZnO-based nanomaterials
(Figure 1).
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Figure 1. The fabrication of ZnO-based nanomaterials for oral cancer therapy.

2.1. Physical Synthesis Methods

Physical methods for the synthesis of zinc oxide-based nanomaterials rely on physical
processes such as vapor deposition, laser ablation, and mechanical milling to fabricate
nanostructures [15]. A list of some common physical synthesis methods includes: Chemical
Vapor Deposition (CVD): In CVD, ZnO nanostructures are grown through the reaction of
precursor vapors on a substrate at elevated temperatures. This method offers precise control
over film thickness, morphology, and crystallinity [16]. Physical Vapor Deposition (PVD):
PVD methods, such as sputtering and evaporation, are employed to physically deposit
Zn0 thin films or nanostructures onto substrates without involving chemical reactions [17].
Pulsed Laser Deposition (PLD): PLD involves the ablation of a ZnO target made by a
pulsed laser in a vacuum or controlled atmosphere, resulting in the deposition of ZnO
thin films or nanostructures on a substrate [18]. Electrodeposition: Electrodeposition is a
physical method in which ZnO nanostructures are grown via electrodeposition from an
aqueous solution containing zinc ions onto a conductive substrate under the influence of
an electric field [19]. Molecular Beam Epitaxy (MBE): MBE is a highly controlled physical
vapor deposition technique used to grow epitaxial ZnO thin films layer by layer on a
substrate under ultra-high vacuum conditions [20]. Sputtering: Sputtering represents a
physical vapor deposition method where energetic ions bombard a ZnO target, resulting
in the ejection and deposition of atoms onto a substrate, thereby forming thin films or
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nanostructures [21]. Evaporation: Evaporation involves the heating of a ZnO source
material in a vacuum chamber, causing it to evaporate and condense onto a substrate to
form thin films or nanostructures [22]. Magnetron Sputtering: Magnetron sputtering is
a variation of sputtering in which a magnetic field is applied to increase the efficiency of
the ionization and deposition of ZnO thin films or nanostructures [21]. Physical Mixing
and Milling: Physical mixing and milling methods entail mechanically grinding or milling
bulk ZnO materials to diminish their size to a nanoscale. This approach proves fitting for
generating ZnO nanoparticles or nanocomposites [23]. Gas Phase Synthesis: Gas phase
synthesis methods such as aerosol techniques and gas-phase condensation involve the
nucleation and growth of ZnO nanoparticles from vapor-phase precursors in a controlled
gas environment [24]. These physical synthesis methods offer precise control over the size,
morphology, and crystallinity of the resulting ZnO nanostructures, making them suitable
for various applications in electronics, optoelectronics, catalysis, and sensing.

2.2. Chemical Synthesis Methods

Chemical methods for the synthesis of zinc oxide-based nanomaterials involve chem-
ical reactions between precursor compounds to form ZnO nanostructures [15]. A list of
some common chemical synthesis methods are briefly described in this section. The Sol-Gel
Method: This process entails the hydrolysis and condensation of metal alkoxides or salts
within a solution, leading to the formation of a sol, which subsequently undergoes gela-
tion and drying processes to obtain ZnO nanoparticles [25]. Hydrothermal/Solvothermal
Synthesis: ZnO nanostructures are created within high-temperature and high-pressure envi-
ronments using aqueous or organic solvents. This method facilitates precise control over the
synthesis, yielding diverse nanostructures like nanorods, nanowires, and nanosheets [26].
Precipitation Method: Zinc salts (e.g., zinc acetate, zinc nitrate) are precipitated in the
presence of a base (e.g., sodium hydroxide, ammonium hydroxide) or a complexing agent,
leading to the formation of ZnO nanoparticles [27]. Microemulsion Method: This involves
the formation of nanoscale droplets (microemulsions) containing precursor compounds,
followed by the reaction and nucleation of ZnO nanoparticles within these droplets [28].
Combustion Synthesis: ZnO nanoparticles are synthesized by the combustion of suitable
precursors such as zinc nitrate mixed with a fuel source (e.g., urea, glycine), resulting in
highly crystalline ZnO nanoparticles [29]. Template-Assisted Methods: Templates such as
porous membranes, polymers, or self-assembled monolayers are used to control the size
and shape of ZnO nanostructures during synthesis, including electrodeposition, electro-
spinning, and layer-by-layer assembly [30]. Microwave-Assisted Synthesis: Microwave
irradiation promotes rapid heating and uniform nucleation, leading to reduced reaction
times and improved crystallinity during the synthesis of ZnO nanostructures [31]. Com-
plex Precursor Decomposition: Complex precursors containing Zn and organic ligands are
decomposed thermally or hydrothermally to yield ZnO nanoparticles with controlled sizes
and morphologies [32]. Spray Pyrolysis: ZnO nanoparticles are synthesized by the thermal
decomposition of precursor solutions sprayed onto a heated substrate, allowing for the
large-scale production of ZnO thin films or nanostructures [33]. These chemical synthesis
methods offer versatility in controlling the size, shape, morphology, and properties of ZnO
nanomaterials, making them suitable for various applications in electronics, optoelectronics,
catalysis, sensors, and biomedical devices [34].

2.3. Biological Synthesis Methods

Biological approaches to synthesizing zinc oxide-based nanomaterials utilize biologi-
cal agents, including plant extracts, microorganisms, or enzymes, serving as both reducing
and stabilizing agents [35]. The list of some common biological synthesis methods includes:
Plant-Mediated Synthesis: Plant extracts harboring phytochemicals like flavonoids, phe-
nols, and terpenoids serve as both reducing and capping agents in the synthesis of ZnO
nanoparticles. Various plant species including Aloe vera, Azadirachta indica (neem), and
green tea have been utilized for this purpose [36]. Microbial Synthesis: Microorganisms
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such as bacteria, fungi, and yeast are employed to biosynthesize ZnO nanoparticles through
the reduction of zinc salts in culture media. Microbial enzymes and metabolites play a
crucial role in the reduction and stabilization of ZnO nanoparticles [37]. Algal-Mediated
Synthesis: Algae are utilized for the green synthesis of ZnO nanoparticles due to their
ability to secrete bioactive compounds and enzymes. Algal extracts or biomasses are used
as reducing agents to convert zinc salts into ZnO nanoparticles [38]. Enzyme-Assisted
Synthesis: Enzymes such as urease, alkaline phosphatase, and lysozyme are used to fa-
cilitate the biogenic synthesis of ZnO nanoparticles by catalyzing the reduction of zinc
ions into ZnO in aqueous solutions [39]. Cell-Free Extracts: Cell-free extracts obtained
from plants, microorganisms, or algae are used as bioreducing agents for the synthesis of
Zn0O nanoparticles. These extracts contain a rich mixture of biomolecules such as proteins,
carbohydrates, and secondary metabolites that aid in nanoparticle formation [40]. Biogenic
Precipitation: Biogenic precipitation involves the formation of ZnO nanoparticles through
the biomineralization process mediated by biological entities. This method mimics the
natural mineralization processes observed in organisms such as diatoms and mollusks [41].
Extracellular Synthesis: ZnO nanoparticles are synthesized extracellularly by microorgan-
isms or plant cells, where the reduction and nucleation of zinc ions occurs outside the cell
in the presence of biomolecules released by biological entities [42]. Intracellular Synthesis:
ZnO nanoparticles are synthesized intracellularly within microbial or plant cells, where
zinc ions are transported into the cell and reduced into ZnO nanoparticles in specialized
organelles or compartments [43]. Biocomposite Formation: Biocomposite materials con-
taining ZnO nanoparticles embedded within a biopolymeric matrix are synthesized using
biological entities as reducing and stabilizing agents. These biocomposites exhibit enhanced
properties for various applications [44]. Green Synthesis Approaches: Biological methods
for ZnO nanoparticle synthesis are considered to be green and eco-friendly alternatives
to conventional chemical methods, offering low toxicity, biocompatibility, and sustainabil-
ity [45]. These biological synthesis methods offer advantages such as environmentally
friendly synthesis routes, mild reaction conditions, and the potential for the large-scale
production of ZnO nanoparticles for various applications including uses in biomedical,
agricultural, and environmental sectors [46].

A wide range of synthesis methods are available for the fabrication of ZnO-based
nanomaterials with tailored properties for various applications. Each method offers unique
advantages and limitations (Table 1), and the choice of technique depends on factors such as
the desired nanostructure morphology, scalability, and targeted applications (Table 2) [47].
Advances in synthesis techniques continue to drive the development of ZnO nanomaterials
with enhanced performances and functionalities, paving the way for their widespread
adoption in diverse technological fields [34].

Table 1. Unique insights into and a comparison of different synthesis methods of ZnO NPs.

S.No Synthesis Methods Advantages Limitations
. High control over film thickness, Requires high temperatures and
Chemical Vapor . - . .
i morphology, and crystallinity; sophisticated equipment; relatively
Deposition - . .
suitable for large-scale production.  high cost.
Can deposit thin films without Often requires vacuum conditions;
Physical Vapor Deposition  chemical reactions; versatile and may involve high-energy
precise. processes.
1. Physical Synthesis High purity and control over film o = @ ent: may have
Methods Pulsed Laser Deposition composition; suitable for complex P quip s may

low deposition rates.
structures.

Low-cost and scalable; allows fine  Limited to conductive substrates;

El iti .
ectrodeposition control over nanostructure growth.  may produce uneven films.

Atomic-level control over layer
Molecular Beam Epitaxy composition; produces
high-quality epitaxial films.

Extremely expensive and complex;
low throughput.
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Table 1. Cont.

S.No Synthesis Methods Advantages Limitations
High deposition rates; good for Requires vacuum and high-energy
Sputtering uniform thin films ’ ions; potential for target
' contamination.
. . Limited to materials that can be
Evaporation z;gglii:?gri:?;gf}ﬁﬁrward’ evaporated; control over thickness
’ can be challenging.
1. Physical Synthesis Magnetron Sputterin Enhanced ionization efficiency; More complex setup than regular
Methods N P & better control over film properties.  sputtering; still requires a vacuum.
Physical Mixing and Simple and cost-effective; good for L“rlirgl;ﬁ(: antgiir?t\gif particle size
Milling producing nanoparticles. e p
contamination.
Gas Phase Svnthesis Precise control over nanoparticle Requires specialized equipment;
Y size; scalable for large production.  can be energy-intensive.
Versatile: allows fine control over Requires careful control of reaction
Sol-Gel Method . . I conditions; potential for organic
nanoparticle size and distribution.
solvent use.
Hydrothermal/ High-quality nanostructures; High pressure and temperature
Solvothermal Synthesis precise control over shape and size.  conditions; longer reaction times.
Limited control over particle size
Precipitation Method Simple and cost-effective; scalable.  and morphology; potential for
agglomeration.
Good control over particle size and ~ Use of surfactants and organic
Microemulsion Method uniformity; mild reaction solvents; may require complex
conditions. purification.
) ) Fast and enerev-efficient: Exothermic reactions can be
2 Chemical Synthesis Combustion Synthesis hieh-puri 8y duct ’ difficult to control; potential safety
: Methods igh-purity products. hazards.
Template-Assisted Allows precise control over f}f:lllzzalir?f ‘ter;};ftti: fc:;l?tte); late
Methods nanostructure shape and size. sne; p P
contamination.
Microwave-Assisted Rapid heating; reduced reaction Eegflﬁzrﬁlifxzze}zg ficriﬁccan
Synthesis times and energy consumption. P ! 8
occur.
Complex Precursor Controlled release of ZnO; precise Clcl)g?i)cl;gosr}:ﬁgeis ?)I’:Sn tial for
Decomposition control over particle properties. P ps; b
by-product formation.
. Suitable for large-scale production; Requires high-temperature .
Spray Pyrolysis uniform thin films substrates; control over particle
’ size can be difficult.
. . Eco-friendly and sustainable; uses Varlabll}t.y in plant extract
Plant-Mediated Synthesis natural reducing asents composition; scalability can be
& agents. challenging.
. . . Green synthesis route; utilizes qumres careful contrql .Of
Microbial Synthesis natural biological processes microbial culture conditions;
gicalp ’ slower reaction times.
Aleal-Mediated Svnthesis Utilizes bioactive compounds from  Limited control over particle size
Biological Synthesis & Y algae; environmentally friendly. and shape; scalability issues.
3.
Methods Enzyme-Assisted High specificity and mild reaction =~ High cost of enzymes; potential for

Synthesis

conditions; eco-friendly.

enzyme denaturation.

Cell-Free Extracts

Uses a rich mixture of
biomolecules; green synthesis.

Variability in extract composition;
reproducibility can be challenging.

Biogenic Precipitation

Mimics natural mineralization
processes; sustainable.

Slow process; limited control over
particle properties.

Extracellular Synthesis

Simple and eco-friendly; avoids
cell lysis.

Lower yields; potential for
extracellular contamination.
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Table 1. Cont.

S.No Synthesis Methods Advantages Limitations
Protects nanoparticles from . . .
. . . s Requires cell lysis for extraction;
Intracellular Synthesis aggregation; precise control within o
cells complex purification needed.
3. Biological Synthesis Biocomposite Formation Enhanced properties for specific Complex synthesis; limited
Methods ocomposite ormatio applications; eco-friendly. scalability.
Green Synthesis Low toxicity and biocompatibility; ~ Often slower and less efficient;
Approaches environmentally sustainable. may have lower yields.
Table 2. Other properties and a comparison and analysis of different synthesis methods of ZnO NPs.
S.No Compa.r ison and Physical Methods Chemical Methods Biological Methods
Analysis
Physical methods generally Chemical methods provide Biological methods are
offer precise control over size, e . . .
Control Over o versatility and scalability but environmentally friendly and
1. . morphology, and crystallinity . .
Nanostructure Properties . . often involve hazardous sustainable but can be less
but require sophisticated :
. " chemicals. controllable and slower.
equipment and conditions.
. They are more easily scalable They are more easily scalable BIOIOg.lCal methods face.challenges
2. Scalability : . . : - . in scaling up due to their
for industrial production. for industrial production. O . .
variability in biological materials.
. Chemical methods often BIOI.O gical methods. are the most
. Physical methods can be . . environmentally friendly, using
3. Environmental Impact . . involve toxic reagents and .
energy-intensive. natural agents and mild
solvents. <
conditions.
Chemical methods vary . Biological methods are typically
. . . Physical methods often less expensive due to the use of
widely in cost depending on . R .
4. Cost e involve high initial capital natural and renewable resources,
the specific process and . . . ;
investments in equipment. but the complexity of control can
reagents used. .
increase costs.
Physical methods are suitable =~ Chemical methods are Biological methods are particularly
for high-tech applications versatile and suitable for a suitable for biomedical and
5. Application Suitability requiring precise control, such  wide range of applications, environmental applications due to

as electronics and
optoelectronics.

including catalysis and
sensing.

their biocompatibility and
eco-friendliness.

3. Influence of Synthesis Parameters on Nanomaterial Properties

The properties of ZnO-based nanomaterials crucially depend on various synthesis
parameters, including precursor selection, reaction temperature, and growth conditions.
By finely adjusting these parameters, it becomes possible to exert precise control over the
nanoparticle size, shape, crystallinity, surface morphology, and surface chemistry. These
factors subsequently impact the physicochemical properties and the biological behavior
of the nanomaterials [48]. In this section, how these synthesis parameters influence the
properties of ZnO-based nanomaterials specifically tailored for oral cancer applications

is discussed.

3.1. Precursor Selection

The selection of a precursor is pivotal in shaping the chemical composition, purity, and
crystallinity of ZnO-based nanomaterials. Typical precursors utilized for ZnO synthesis
encompass zinc salts like zinc acetate, zinc nitrate, zinc chloride, and zinc sulfate, alongside
ZnO nanoparticles or complexes [49]. The chemical composition and solubility of the
precursor in the reaction medium significantly influences the nucleation and growth kinetics
of ZnO nanoparticles. Zinc acetate, for example, is a commonly used precursor due to its
high solubility in polar solvents and its ability to form homogeneous precursor solutions.
On the other hand, zinc chloride is preferred for nonaqueous synthesis routes due to its high
volatility and low solubility in water [50]. Additionally, the concentration of the precursor
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affects the rate of nucleation, the distribution of particle sizes, and the morphology of the
ZnO nanoparticles. Higher precursor concentrations typically result in higher nucleation
rates and smaller particle sizes due to the increased availability of zinc ions for nucleation
and growth. However, excessively high precursor concentrations can lead to particle
aggregation and Ostwald ripening, resulting in broad size distributions and irregular
morphologies [51]. In addition to the choice of precursor, the presence of dopant ions or
additives in the precursor solution can modify the properties of ZnO nanoparticles. Dopant
ions, such as aluminum, indium, or gallium, can alter the bandgap, optical properties,
and photocatalytic activity of the ZnO nanomaterials, making them suitable for specific
applications, such as photodynamic therapy or imaging [52].

In physical synthesis methods such as Chemical Vapor Deposition (CVD) and Physical
Vapor Deposition (PVD), a low precursor concentration can result in slower deposition
rates, leading to thinner films and incomplete coverage, which negatively impacts the
uniformity and crystallinity of ZnO films. Similarly, in electrodeposition, an insufficient
precursor concentration can lead to lower nucleation rates, resulting in sparse and uneven
nanostructure growth that compromises the film’s density and uniformity. In Pulsed Laser
Deposition (PLD), a reduced precursor concentration can decrease the ablation efficiency,
leading to thinner films with potential defects and lower crystallinity [53].

In chemical synthesis methods, the effects of low precursor concentration are equally
significant. In the sol-gel process, this can lead to incomplete hydrolysis and condensation,
resulting in smaller and less-uniform nanoparticles, and a lower viscosity sol that affects
the gelation process. In hydrothermal or solvothermal synthesis, lower precursor concen-
tration slows nucleation and growth rates, producing smaller, less crystalline particles
and potentially irregular shapes. The precipitation method can suffer from lower yields
and a broader size distribution due to incomplete reactions. Microwave-assisted synthesis
may experience reduced heating efficiency and slower reaction rates, affecting the size and
uniformity of the nanoparticles produced [54].

Biological synthesis methods are also impacted by the precursor concentration. In
plant-mediated synthesis, a low precursor concentration can lead to insufficient interactions
between plant extracts and zinc ions, resulting in lower yields and smaller, less-uniform
nanoparticles. Microbial synthesis can be limited by the availability of zinc ions for mi-
crobial reduction, leading to slower synthesis rates and lower yields. In enzyme-assisted
synthesis, a low precursor concentration can result in an incomplete reduction of zinc ions,
yielding smaller and less-crystalline nanoparticles, with enzymes potentially becoming less
efficient [55].

Other factors such as temperature, pH, reaction time, surfactants, and solvents also
significantly impact ZnO synthesis. Higher temperatures generally enhance reaction rates
and crystallinity but can lead to larger particle sizes and potential agglomeration, while
lower temperatures yield smaller particles with better size distribution control [48]. The
pH of the reaction medium affects the solubility of the zinc precursors and the stability
of the ZnO nanoparticles, with alkaline conditions favoring ZnO formation. Extended
reaction times can improve crystallinity but may cause agglomeration and the loss of
nanoscale properties. Surfactants and stabilizers help control particle size and shape by
preventing agglomeration and guiding growth, though they must be optimized to avoid
introducing impurities [51]. The choice of solvent influences the solubility of precursors,
reaction kinetics, and the morphology of the ZnO nanostructures, with aqueous solvents
being more environmentally friendly and organic solvents offering better control over
particle size and shape [56].

The concentration of precursors is a crucial parameter in ZnO synthesis, influencing the
physical and chemical properties of the nanomaterials [57]. Low precursor concentrations
can lead to incomplete reactions, lower yields, and suboptimal nanostructure characteristics.
Addressing the precursor concentration alongside factors like temperature, pH, reaction
time, surfactants, and solvents provides the comprehensive understanding necessary for
optimizing ZnO synthesis for various applications. By systematically studying these
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parameters, researchers can tailor the synthesis process to produce ZnO nanomaterials
with the desired properties and functionalities [25].

3.2. Reaction Temperature

The reaction temperature is a critical parameter that significantly influences the nucle-
ation, growth kinetics, phase composition, and crystallinity of ZnO nanoparticles. Elevated
reaction temperatures typically accelerate nucleation and growth rates, resulting in smaller
particle sizes and enhanced crystallinity. Nonetheless, excessively high temperatures may
also trigger thermally induced phase transformations, such as the formation of metastable
phases or the aggregation of nanoparticles [57]. For example, in the hydrothermal syn-
thesis of ZnO nanowires, higher reaction temperatures promote the anisotropic growth
of nanowires along specific crystallographic directions, resulting in longer and more uni-
form nanostructures. Conversely, lower reaction temperatures may favor the formation
of nanoparticles with different morphologies, such as nanospheres or nanoplates [58].
Moreover, the reaction temperature can influence the degree of crystallinity and the defects
in the ZnO nanoparticles, which in turn affect their optical, electronic, and photocat-
alytic properties. Higher reaction temperatures promote the formation of well-crystallized
ZnO nanoparticles with fewer defects, resulting in enhanced photocatalytic activity and
stability [25]. Optimizing the reaction temperature is crucial for controlling the size, mor-
phology, and properties of ZnO nanoparticles for oral cancer applications. By carefully
adjusting the reaction temperature to be within a suitable range, researchers can tailor the
properties of ZnO nanomaterials to meet the specific requirements of targeted therapy,
drug delivery, or imaging in oral cancer treatment [57].

3.3. Growth Conditions

The growth conditions, including the pH, solvent composition, reaction time, and
precursor-to-solvent ratio, also play a critical role in determining the properties of ZnO-
based nanomaterials. These parameters influence the kinetics of nucleation, growth, and
crystal growth, as well as the stability and dispersibility of nanoparticles in the reaction
medium [59]. The pH level of the reaction solution impacts the solubility of the zinc ions
and the hydrolysis rate of the precursor species, consequently influencing the nucleation
and growth kinetics of the ZnO nanoparticles. Generally, alkaline pH conditions accelerate
nucleation and growth rates by promoting the hydrolysis of zinc precursor species and
the formation of stable nuclei. However, excessively high pH values may result in the
generation of undesirable byproducts or phase impurities, such as zinc hydroxides or
zinc carbonates [60]. The choice of solvent and solvent composition also influences the
solubility of the precursor species, the stability of the reaction intermediates, and the
morphology of the ZnO nanoparticles. For the sol-gel synthesis of ZnO nanoparticles,
polar solvents like water or alcohols are frequently employed due to their ability to dissolve
zinc salts and stabilize precursor solutions. Nonpolar solvents, such as hexane or toluene,
may be employed for the synthesis of ZnO nanoparticles via nonaqueous routes, offering
advantages such as better control over particle size and reduced agglomeration [61].

Furthermore, the reaction time and precursor-to-solvent ratio dictate the extent of
particle growth and aggregation during the synthesis process. Extended reaction durations
typically yield larger particle sizes and wider size distributions because of ongoing nu-
cleation and Ostwald ripening. In contrast, shorter reaction times often produce smaller
nanoparticles with more uniform morphologies [62]. Through the careful optimization
of growth conditions, researchers can customize the size, morphology, crystallinity, and
surface characteristics of ZnO nanoparticles to suit particular applications in oral cancer
therapy. Fine-tuning these parameters allows for the development of ZnO-based nano-
materials with enhanced therapeutic efficacy, biocompatibility, and targeting specificity,
paving the way for precise cancer treatment strategies [63].

151



Molecules 2024, 29, 2706

4. Surface Functionalization and Modification Strategies

Surface functionalization and modification are essential for customizing the properties
of ZnO-based nanomaterials for targeted oral cancer therapy [64]. By modifying the
surface chemistry of ZnO nanoparticles, researchers can enhance their biocompatibility,
stability, dispersibility, and targeting specificity, consequently, enhancing their therapeutic
effectiveness while minimizing off-target effects [10]. In this section, various surface
functionalization and modification strategies employed to optimize ZnO nanomaterials for
oral cancer applications are explored.

4.1. Ligand Conjugation

Attaching targeting ligands, including antibodies, peptides, or small molecules, onto
the surface of ZnO nanoparticles enables specific recognition and binding to cancer cells
overexpressing corresponding receptors or biomarkers [65]. This targeted delivery ap-
proach enhances the accumulation of ZnO nanoparticles within the tumor microenvi-
ronment while reducing the nonspecific uptake by healthy tissues, thereby improving
therapeutic outcomes and minimizing side effects [8]. An example includes the devel-
opment of folate receptor-targeted ZnO nanoparticles designed for delivering anticancer
drugs selectively to oral cancer cells that overexpress folate receptors. Folic acid, serving
as a high-affinity ligand for folate receptors, can be conjugated onto the surface of ZnO
nanoparticles via covalent coupling or surface adsorption methods. Upon systemic admin-
istration, folate-functionalized ZnO nanoparticles preferentially accumulate within folate
receptor-positive oral cancer cells, leading to the enhanced cellular uptake and cytotoxicity
of the encapsulated drugs [66]. Similarly, epidermal growth factor receptor (EGFR)-targeted
ZnO nanoparticles have been explored for the precise targeting of EGFR-overexpressing
oral cancer cells. Epidermal growth factor (EGF) or anti-EGFR antibodies can be conju-
gated onto the surface of ZnO nanoparticles to facilitate receptor-mediated endocytosis
and intracellular drug delivery. This targeted approach enables the precise localization
of therapeutic agents within the tumor tissue, enhancing their therapeutic efficacy while
minimizing systemic toxicity [67].

4.2. Polymer Coating

Polymer coating is another effective strategy for the surface modification of ZnO nanoparti-
cles, offering advantages like enhanced stability, biocompatibility, and drug-loading capacity [68].
Biocompatible polymers, such as polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), or
chitosan, can be adsorbed or covalently attached onto the surface of ZnO nanoparticles to form
a stable coating layer [69]. PEGylation, in particular, has emerged as a widely used surface
modification strategy for ZnO nanoparticles due to its ability to impart stealth properties and
prolong the circulation time in vivo [70]. ZnO nanoparticles coated with PEG show decreased
protein adsorption, opsonization, and clearance via the reticuloendothelial system (RES), result-
ing in extended systemic circulation and improved tumor accumulation through the enhanced
permeability and retention (EPR) effect [71]. Furthermore, polymer coatings can serve as carriers
for the therapeutic compounds that are encapsulated and released under controlled conditions,
such as chemotherapeutic drugs, nucleic acids, or imaging contrast agents. The hydrophilic
nature of polymer coatings enables the efficient loading of hydrophobic drugs via physical
encapsulation or chemical conjugation, while the porous structure allows for sustained release
kinetics and improved bioavailability [72].

4.3. Surface Charge Modification

Surface charge modification is a versatile approach for tuning the physicochemical
properties and biological interactions of ZnO nanoparticles. By altering the surface charge
through functionalization with charged molecules or polymers, researchers can modulate
the cellular uptake, biodistribution, and pharmacokinetics of ZnO nanomaterials, thereby
optimizing their therapeutic efficacy and safety profiles [73]. For example, the cationic
surface modification of ZnO nanoparticles can promote electrostatic interactions with

152



Molecules 2024, 29, 2706

negatively charged cell membranes, facilitating cellular internalization and intracellular
drug delivery. Quaternary ammonium compounds, such as polyethyleneimine (PEI)
or chitosan, can be coated onto the surface of ZnO nanoparticles to impart a positive
surface charge and enhance their cellular uptake efficiency [74]. Conversely, the anionic
surface modification of ZnO nanoparticles can improve their colloidal stability, reduce
nonspecific protein adsorption, and mitigate cytotoxicity [75]. Anionic polymers, such as
poly(acrylic acid) (PAA) or poly(sodium 4-styrenesulfonate) (PSS), can be adsorbed onto
the surface of ZnO nanoparticles, conferring a negative surface charge and improving their
biocompatibility under physiological conditions [76].

4.4. Bioconjugation Techniques

Bioconjugation techniques, such as click chemistry, thiol chemistry, or carbodiimide-
mediated coupling, offer precise control over the functionalization of ZnO nanoparti-
cles with biomolecules, including peptides, proteins, nucleic acids, and imaging probes.
These techniques enable the site-specific attachment of biomolecules onto the surface
of ZnO nanoparticles, preserving their structural integrity and biological activity [77].
Click chemistry, for instance, involves the selective reaction between azide and alkyne
functional groups to form covalent bonds under mild physiological conditions. Azide-
functionalized biomolecules can be conjugated onto alkyne-modified ZnO nanoparti-
cles via click chemistry, allowing for precise control over the density and orientation
of surface-immobilized ligands [78]. Thiol chemistry, on the other hand, exploits the
high affinity between thiol (-SH) groups and gold or silver nanoparticles to facilitate
thiol-gold or thiol-silver bond formation. Thiol-functionalized biomolecules, such as
peptides or antibodies, can be anchored onto gold-coated ZnO nanoparticles through
thiol chemistry, enabling the stable and oriented immobilization of targeting ligands for
enhanced tumor targeting and imaging [79]. Carbodiimide-mediated coupling entails
activating carboxyl (-COOH) groups on biomolecules through carbodiimide reagents,
such as N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS). Activated biomolecules can then be covalently attached to
amino (-NHj) groups on the surface of ZnO nanoparticles via amide bond formation,
allowing for the efficient coupling of targeting ligands or therapeutic agents [80].

Surface functionalization and modification strategies offer versatile approaches for
tailoring the properties of ZnO-based nanomaterials for targeted oral cancer therapy [81].
Researchers can improve the specificity, efficacy, and safety of ZnO nanomaterials and
reduce off-target effects through several methods, including conjugating targeting ligands,
applying biocompatible polymer coatings, modifying surface charge, and using biocon-
jugation techniques.. These surface engineering approaches hold promise for advancing
precision cancer therapy and improving patient outcomes in oral cancer treatment [82].

5. The Therapeutic Efficacy of Zinc Oxide-Based Nanomaterials in Oral Cancer

The potential therapeutic effectiveness of ZnO-based nanomaterials in oral cancer
shows promise for enhancing precision cancer therapy (Table 3). ZnO nanoparticles possess
inherent anticancer properties due to their capability to produce ROS when exposed to
light or ultraviolet (UV) radiation, resulting in cytotoxicity induced by oxidative stress
in cancer cells. Additionally, ZnO nanoparticles can be functionalized and engineered to
enhance their specificity, stability, and biocompatibility for targeted oral cancer therapy [83].
This section explores the therapeutic efficacy of ZnO-based nanomaterials in oral cancer,
including their anticancer mechanisms, performance in in vitro and in vivo studies, and
clinical potentials..
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Table 3. Zinc oxide (ZnO)-based nanomaterials in oral cancer hold promise for advancing precise

cancer therapy.

. N Biological S .
S. No. Materials Size Preparation Characterization Studies (In Key Findings in Oral References
Method Methods . X Cancer
Vitro/In Vivo)
Promoting toxicity in CAL
27 oral cancer cell lines via
1. ZnO nanoparticles ~50 nm Not specified TEM, XRD, DLS In vitro the activation of [84]
PINK1 /Parkin-mediated
mitophagy.
. Green synthesis . Induced apoptosis in
2. ZnO-CR Nanoparticles 100-200 nm SEM, FTIR, XRD In vitro [85]
method KB cells.
The ZnO-rGO
ZnO—reduced Powder XRD, E?n}? composite ex};blied
raphene oxide UV-Vis . igh sensitivity and a low
3. & 3-5nm Sol-gel process In vitro detection limit for IL8, [86]
(ZnO-rGO) spectroscopy, d Lo )
. emonstrating its potential
nanocomposite EDX, TEM . ¢
for non-invasive oral
cancer detection.
ZnO—Piperine UV spectroscopy, Induction of Apoptosis in
. . . oral cancer cells via the
4. Nanoparticles (ZnO-PIP 50-100 nm Green synthesis SEM, XRD, FTIR, In vitro [871]
BCL2/BAX/P53
NPs) EDAX . .
signaling pathway.
ZnO-CU Nanoparticles SEM, EDAX, UV Induced apoptosis in oral
5. (Curcumin-mediated 100-200 nm Green synthesis spectroscopy, In vitro cancer cells through the [88]
ZnO NPs) FTIR, XRD BCL2/BAX/P53 pathway.
Inhibited KB cell viability,
UV-Vis spec- decreased MMP, enhanced
ZnO Nanoparticles . trophotometry, . ROS levels, induced
6. (CV-ZnONPs) 30-45nm Greensynthesis  ypp TEv pDX, I Vitro apoptotic cell death, altered 1]
FT-IR, PL nuclear morphology,
increased caspase activity.
. ZnO-NPs induced growth
Sy.nthes1zed inhibition and apoptosis in
7. ZnO Nanoparticles 50-100 nm using ".‘t “ TEM, XRD, FTIR  In vitro gingival squamous cell [90]
g:g};lda ton carcinoma (GSCC) cells but
not in normal cells.
ZnO-CA NPs exhibit
Chemical dose-dependent anticancer
8. ZnO-CA Nanoparticles  100-200 nm emica SEM, FTIR, XRD  In vitro activity against Human Oral ~ [91]
synthesis Epi .
pidermal Carcinoma
KB cells.
UV-VIS spectral Potent antifungal effect
analysis, EDX against Candida albicans,
9. ZnO Nanoparticles 30-80 nm Green synthesis analysis, XRD In vitro synergistic effect with [92]

pattern analysis,
FTIR analysis,
SEM analysis

nystatin, cytotoxic to oral
cancer cells but non-toxic to
normal cells.

5.1. Anticancer Mechanisms

The anticancer mechanisms of ZnO nanoparticles involve multiple pathways, in-

cluding ROS generation, mitochondrial dysfunction, apoptosis induction, and cell cycle
arrest [90]. Upon irradiation with light or UV radiation, ZnO nanoparticles absorb photons
and become photoexcited, resulting in the generation of reactive oxygen species (ROS) like
hydroxyl radicals (¢OH) and superoxide ions (O2e™) via photocatalytic reactions. The
buildup of ROS triggers oxidative harm to cellular elements such as lipids, proteins, and
DNA, resulting in mitochondrial dysfunction, membrane permeabilization, and ultimately,
apoptotic cell death [93]. Furthermore, ZnO nanoparticles can disrupt the intracellu-
lar signaling pathways involved in cell proliferation, survival, and metastasis, thereby
inhibiting tumor growth and progression. Studies have demonstrated that ZnO nanoparti-
cles downregulate the expression of anti-apoptotic proteins like Bcl-2 while upregulating
pro-apoptotic proteins such as Bax and caspases. This process results in mitochondrial
membrane depolarization and caspase-mediated apoptosis in cancer cells [94]. Addition-
ally, ZnO nanoparticles can prompt cell cycle arrest at different checkpoints, including
G1/S and G2/M phases, by regulating the expression of cell cycle regulatory proteins like
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cyclins and cyclin-dependent kinases (CDKs). Consequently, this modulation prevents
uncontrolled cell proliferation and inhibits tumor growth [95].

Akhtar et al. (2012) investigated the cytotoxic effects of ZnO NPs on human hepato-
cellular carcinoma (HepG2), human lung adenocarcinoma (A549), and human bronchial
epithelial (BEAS-2B) cells, as well as primary rat astrocytes and hepatocytes, and revealed
that ZnO NPs selectively killed cancer cells without affecting normal cells. Further studies
on HepG2 cells showed that ZnO NPs upregulated both the mRNA and the protein lev-
els of the tumor suppressor gene p53 and the apoptotic gene bax while downregulating
the anti-apoptotic gene bcl-2. Additionally, ZnO NPs induced caspase-3 enzyme activity,
DNA fragmentation, reactive oxygen species (ROS) generation, and oxidative stress. This
study’s findings demonstrate that ZnO NPs likely induce apoptosis in cancer cells via the
ROS-mediated p53 pathway, which is common among anticancer drugs [96].

5.2. In Vitro Studies

Multiple in vitro investigations have showcased the anticancer potential of ZnO-based
nanomaterials against various oral cancer cell lines, encompassing squamous cell carcinoma
(SCC) and mucoepidermoid carcinoma (MEC) cells. These studies have documented
the dose-dependent cytotoxicity of ZnO nanoparticles against oral cancer cells, marked
by reduced cell viability, proliferation, migration, and invasion, alongside heightened
apoptosis and cell cycle arrest. Additionally, ZnO nanoparticles have been shown to exhibit
selectivity towards cancer cells over normal cells, indicating their potential as targeted
therapeutics for oral cancer [97]. The functionalization of ZnO nanoparticles with targeting
ligands, such as folate or epidermal growth factor (EGF), further enhances their cytotoxicity
and selectivity towards oral cancer cells by facilitating receptor-mediated endocytosis
and intracellular drug delivery [98]. Moreover, combination therapies involving ZnO
nanoparticles and conventional chemotherapeutic drugs, such as cisplatin or doxorubicin,
have demonstrated synergistic effects on oral cancer cell viability, and these findings
suggest the potential for combination approaches to surmount drug resistance and enhance
treatment outcomes [66].

Wang et al. (2018) conducted a study to investigate the potential therapeutic efficacy
of ZnO NPs in the treatment of oral cancer, namely CAL 27 human tongue cancer cells.
Their research demonstrates a dose-dependent decrease in cell viability following ZnO
NP treatment, which is attributable to ROS production and mitochondrial damage. Sur-
prisingly, they discover the role of PINK1/Parkin-mediated mitophagy in this cytotoxicity,
implying a new mechanism for ZnO NP-induced toxicity. These findings open the door
for the further exploration of ZnO NPs as a prospective option for oral cancer therapy,
warranting future in vivo studies for clinical translation [84].

Marunganathan et al. (2024) found that marine-derived k-carrageenan-coated zinc
oxide nanoparticles (ZnO-CR NPs) can effectively carry drugs and induce apoptosis in
oral cancer cells. The study demonstrates that ZnO-CR NPs have synergistic antibacterial
activity against dental infections, as well as a dose-dependent anticancer effect on KB
cells. Structural analysis reveals ZnO-CR NPs’ remarkable antibacterial and antioxidant
activities, indicating a potential for dental applications. Molecular docking analysis reveals
the mechanisms behind their antibacterial action. These findings imply that ZnO-CR NPs
are unique tools for tackling oral infections and oral cancer, presenting a viable way to
tackle antimicrobial resistance [85].

Verma and Singh (2019) investigate the multifunctional characteristics of a ZnO-rGO
nanocomposite. This nanocomposite demonstrates promising potential in non-invasive oral
cancer detection through an electrochemical immunosensing approach. The synthesized
ZnO-rGO nanocomposite exhibited excellent sensitivity and a low detection limit for
interleukin-8 (IL8), a biomarker associated with oral cancer. These findings suggest a
significant stride toward developing effective diagnostic tools for oral cancer, potentially
revolutionizing early detection and treatment outcomes [86].
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Shaik et al.’s 2024 study’s focus on oral cancer underscores the pressing need for inno-
vative therapeutic strategies in combating this disease. Oral cancer presents considerable
hurdles due to its complicated etiology and limited treatment options. By using ZnO-PIP
NPs to target oral cancer cells, the work opens up a viable therapy option. The capacity
of ZnO-PIP NPs to cause apoptosis in oral cancer cells via the BCL2/BAX/P53-signaling
pathway has enormous potential for suppressing tumor growth and improving patient
outcomes. This approach not only addresses the tumor directly but also complements
traditional treatments by targeting dental pathogens, potentially contributing to cancer
development or progression. However, while these findings are promising, further re-
search, particularly in vivo studies and clinical trials are essential for assessing the safety
and efficacy of ZnO-PIP NPs for potential clinical applications in oral cancer therapy [87].

Tayyeb et al. (2024) investigate the manufacturing and therapeutic potential of
curcumin-mediated zinc oxide nanoparticles (ZnO-CU NPs) for oral health, specifically in
the treatment of oral cancer. The study provides a multifunctional strategy for tackling oral
health concerns by combining zinc oxide nanoparticles” intrinsic antibacterial characteris-
tics with curcumin’s anticancer effects. The comprehensive characterization of ZnO-CU
NPs confirms their structural integrity and functional properties, laying a solid foundation
for further investigation. Notably, the study elucidates the complex mechanisms behind
ZnO-CU NPs’ antioxidant, antibacterial, and anticancer actions, highlighting their potential
as integrated therapeutic agents. While the results are intriguing, more in vivo investiga-
tions and clinical trials are required to confirm their safety and efficacy for therapeutic
use. This research signifies a significant step towards advancing oral healthcare through
innovative nanomedicine approaches, with potential implications for improving treatment
outcomes and the quality of life for patients with oral cancer [88].

Shanmugam et al. (2022) present important information about the therapeutic poten-
tial of zinc oxide nanoparticles (ZnONPs) in oral cancer treatment. Their study focuses
on the prospective anticancer benefits of ZnONPs generated from natural sources. The
discussion underscores the importance of apoptosis induction as a key strategy in cancer
treatment, emphasizing the unique biochemical and morphological changes associated
with apoptotic cell death. The study demonstrates that the formulated CV-ZnONPs effec-
tively triggered apoptosis in oral cancer KB cells through multiple pathways, including
ROS accumulation, mitochondrial membrane potential disruption, and the activation of cas-
pases. These findings underscore the potential of CV-ZnONPs as a novel anticancer agent
against oral cancer, offering a promising avenue for future research and their development
in cancer therapeutics [89].

Wang et al. (2020) investigated the processes driving ZnO-NP-induced apoptosis in
GSCC cells, focusing on mitochondrial dysfunction and the p70S6K-signaling pathway.
The results indicate that ZnO-NPs have selective cytotoxicity against GSCC cells while
sparing normal cells, making them a promising candidate for oral cancer therapy. This
comprehensive analysis provides vital insights into the potential of ZnO-NPs as a novel
anti-tumor agent for treating GSCC [90].

The research by Ravikumar et al. sheds light on the promising potential of zinc oxide
nanoparticles (ZnO NPs) functionalized with cinnamic acid (CA) for addressing various
challenges in oral health, particularly in combating oral cancer and dental pathogens. By
combining the unique properties of ZnO NPs with the therapeutic attributes of CA, the
synthesized ZnO-CA NPs exhibit remarkable antioxidant, antimicrobial, and anticancer
activities. The synergistic effects observed underscore the importance of hybrid approaches
in nanoparticle-based therapies. Moreover, the molecular docking results provide valuable
insights into the mechanisms underlying the interaction between CA and dental pathogen
receptors, paving the way for targeted therapeutic interventions. This research signifies
a significant step towards the development of innovative dental treatments with broad-
spectrum efficacy and tailored applications [91].

The study presents a compelling approach to combat Candida albicans, a major cause
of oral candidiasis, using green-synthesized zinc nanoparticles (ZnNPs) derived from La-
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vandula angustifolia extract. By combining ZnNPs with nystatin, a potent antifungal drug,
synergistic effects were observed, enhancing the inhibition and mortality of C. albicans.
The study underscores the potential of using nanotechnology for augmenting traditional
antifungal therapies, offering a promising avenue for combating oral infections. Addition-
ally, the selective cytotoxicity of ZnNPs towards cancerous cells highlights their therapeutic
potential in oral cancer treatment, warranting further investigation into their mechanisms
and toxicity profiles [92].

5.3. In Vivo Studies

In vivo studies have provided further evidence of the therapeutic efficacy of ZnO-
based nanomaterials in oral cancer using animal models, such as xenograft or orthotopic
tumor models. ZnO nanoparticles have been shown to inhibit tumor growth, reduce
tumor volumes and weights, and prolong survival in oral cancer-bearing mice following
systemic or local administration. The histological analysis of tumor tissues has revealed
extensive apoptosis, reduced proliferation, and disrupted angiogenesis in response to ZnO
nanoparticle treatment, indicating their potential as effective therapeutics for oral can-
cer [12]. Furthermore, ZnO nanoparticles have good pharmacokinetic and biodistribution
patterns in vivo, with their preferential accumulation in tumor tissues due to the increased
permeability and retention (EPR) effect. Surface functionalization with targeting ligands
increases tumor selectivity and accumulation while reducing off-target effects and systemic
toxicity. Additionally, ZnO nanoparticles have been shown to induce minimal acute or
chronic toxicity in vital organs, such as the liver, kidneys, and lungs, highlighting their
biocompatibility and safety for systemic administration [99].

5.4. Clinical Potential

The therapeutic efficacy of ZnO-based nanomaterials in oral cancer holds significant
clinical potential for improving patient outcomes and overcoming challenges associated
with conventional treatment modalities. Nanotechnology-based approaches offer several
advantages over traditional therapies, including enhanced tumor targeting, reduced sys-
temic toxicity, and improved patient compliance. The clinical translation of ZnO-based
nanomaterials for oral cancer therapy requires rigorous preclinical evaluation, optimization
of formulation and delivery strategies, and compliance with regulatory guidelines for safety
and efficacy [100]. Furthermore, the development of multifunctional ZnO-based nanoplat-
forms, capable of simultaneous imaging, drug delivery, and therapeutic monitoring, holds
promise for personalized and precise cancer therapy. Incorporating imaging modalities like
fluorescence, magnetic resonance imaging (MRI), or positron emission tomography (PET)
facilitates the real-time visualization of tumor growth, metastasis, and treatment response,
facilitating early diagnosis and personalized treatment planning [64].

In the study conducted by Vishal et al. (2021), the efficacy of zinc oxide (ZnO) eugenol
paste as a dressing material for raw wounds following wide excision of oral potentially
malignant disorders (PMDs) is investigated. The combination of zinc’s wound healing
properties and eugenol’s antiseptic effects presents a promising option. The results indicate
good hemostasis, pain relief, granulation, and epithelialization, with excellent adherence to
the wound. Notably, no allergic reactions were observed. Although it is not a replacement
for skin grafts, ZnO eugenol paste demonstrates utility as a cost-effective, easy-to-use
dressing material for oral surgical wounds, particularly in resource-limited settings. Further
research on a larger scale could provide valuable insights [101].

ZnO-based nanomaterials represent a promising therapeutic approach for targeted
oral cancer therapy, offering multifaceted anticancer mechanisms, selective cytotoxicity
towards cancer cells, and favorable pharmacokinetics and safety profiles in preclinical
studies. Further research is warranted to elucidate the molecular mechanisms underlying
the therapeutic efficacy of ZnO nanoparticles, optimize formulation and delivery strategies,
and translate preclinical findings into clinical applications for the benefit of patients with
oral cancer [64].
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6. Challenges in the Fabrication of ZnO-Based Nanomaterials for Oral Cancer Therapy

While ZnO-based nanomaterials hold great promise for targeted oral cancer therapy,
several challenges need to be addressed to realize their full potential. Additionally, explor-
ing future perspectives and research directions is essential for advancing the development
and clinical translation of ZnO-based nanotherapeutics [11]. Biocompatibility and Toxicity:
Despite their biocompatibility in many preclinical studies, there are still concerns regarding
the long-term biocompatibility and potential toxicity of ZnO nanoparticles, particularly
upon systemic administration. The accurate assessment of the biocompatibility profile,
including acute and chronic toxicity, immunogenicity, and biodistribution, is essential
for ensuring the safety of ZnO-based nanotherapeutics in clinical settings [102]. Drug
Loading and Release: The efficient loading and controlled release of therapeutic agents
from ZnO nanoparticles pose significant challenges due to their high surface area and
reactivity. Strategies for improving the drug-loading capacity, stability, and release kinetics
while minimizing premature drug leakage and burst release need to be developed for
effective drug delivery and sustained therapeutic efficacy [103]. Specificity and Target-
ing: Achieving the selective targeting and accumulation of ZnO nanoparticles within oral
cancer tissues while minimizing off-target effects remains a major challenge. Strategies
for enhancing tumor specificity, such as surface functionalizations with targeting ligands
or stimuli-responsive moieties, need to be optimized to overcome biological barriers and
improve tumor penetration and retention [104]. Regulatory Approval: The regulatory
approval and clinical translation of ZnO-based nanotherapeutics for oral cancer therapy
require comprehensive preclinical evaluation, including pharmacokinetic studies, toxic-
ity assessments, and efficacy validation in relevant animal models. Meeting regulatory
requirements for safety, efficacy, and manufacturing standards is essential for advancing
ZnO-based nanotherapeutics from the bench to the bedside [105].

7. Future Perspectives

The development of multifunctional ZnO-based nanoplatforms capable of simultane-
ous imaging, drug delivery, and therapeutic monitoring holds promise for personalized
and precision cancer therapy. The integration of imaging modalities, such as fluores-
cence, MRI or PET, enables the real-time visualization of tumor growth, metastasis, and
treatment response, facilitating early diagnosis and treatment optimization [14]. Com-
bining ZnO-based nanotherapeutics with conventional chemotherapy, radiotherapy, or
immunotherapy offers synergistic effects and enhanced therapeutic outcomes in oral can-
cer treatment. Combination therapies can overcome drug resistance, minimize systemic
toxicity, and improve treatment efficacy through complementary mechanisms of action,
such as ROS generation, DNA damage, or immune modulation [106]. Advancements in
targeted drug delivery systems, such as ligand-mediated targeting, stimuli-responsive
release, and nanocarrier-based delivery, offer opportunities for enhancing the specificity,
efficacy, and safety of ZnO-based nanotherapeutics in oral cancer therapy. The rational
design of targeted delivery systems tailored to the unique biological characteristics of oral
cancer tissues can improve tumor penetration, cellular uptake, and the therapeutic index
while minimizing off-target effects [107]. Theranostic approaches combining therapeutic
and diagnostic capabilities within a single nanoplatform enable the real-time monitoring of
treatment response and disease progression, facilitating personalized treatment planning
and optimization. The integration of imaging probes, biomarkers, and therapeutic agents
into ZnO-based nanotherapeutics enables noninvasive imaging, targeted therapy, and
therapeutic monitoring, paving the way for personalized and precise cancer therapy [108].
Biomimetic nanomaterials inspired by natural systems offer unique advantages for oral
cancer therapy, including enhanced biocompatibility, targeting specificity, and therapeutic
efficacy. Mimicking biological structures, functions, and interactions, such as cell mem-
branes, extracellular vesicles, or tumor microenvironments, enables precise control over
nanomaterial properties and behaviors, facilitating improved tumor targeting, penetration,
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and therapeutic outcomes [109]. Addressing the key challenges and exploring future per-
spectives in the field of ZnO-based nanomaterials for oral cancer therapy is essential for
advancing the development and clinical translation of nanotherapeutics. By overcoming
technical hurdles, optimizing formulation and delivery strategies, and harnessing innova-
tive approaches, ZnO-based nanotherapeutics hold great promise for improving patient
outcomes and revolutionizing the treatment of oral cancer in the future.

8. Conclusions

The development of ZnO-based nanomaterials shows great potential for advancing
precise cancer therapy, particularly in treating oral cancer. With their unique properties
and versatile surface engineering strategies, ZnO-based nanotherapeutics offer a multifunc-
tional platform for targeted drug delivery and imaging. Synthesis methods like sol-gel and
hydrothermal synthesis enable precise control over nanoparticle properties, while surface
functionalization enhances the specificity and stability for oral cancer treatment. In vitro
and in vivo studies demonstrate ZnO-based nanomaterials” ability to induce cytotoxicity
and apoptosis in oral cancer cells with minimal off-target effects. However, challenges such
as biocompatibility and regulatory approval remain. Future directions include developing
multifunctional nanoplatforms and combination therapies to improve treatment outcomes.
In conclusion, ZnO-based nanotherapeutics represent a promising avenue for personalized
and effective oral cancer treatment. Collaborative efforts are crucial for translating these
advancements into clinical practice, potentially revolutionizing cancer management and
saving lives.
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Abstract: The eye’s complex anatomical structures present formidable barriers to effective drug
delivery across a range of ocular diseases, from anterior to posterior segment pathologies. Emerg-
ing as a promising solution to these challenges, nanotechnology-based platforms—including but
not limited to liposomes, dendrimers, and micelles—have shown the potential to revolutionize
ophthalmic therapeutics. These nanocarriers enhance drug bioavailability, increase residence time
in targeted ocular tissues, and offer precise, localized delivery, minimizing systemic side effects.
Focusing on pediatric ophthalmology, particularly on retinoblastoma, this review delves into the
recent advancements in functionalized nanosystems for drug delivery. Covering the literature from
2017 to 2023, it comprehensively examines these nanocarriers” potential impact on transforming the
treatment landscape for retinoblastoma. The review highlights the critical role of these platforms in
overcoming the unique pediatric eye barriers, thus enhancing treatment efficacy. It underscores the
necessity for ongoing research to realize the full clinical potential of these innovative drug delivery
systems in pediatric ophthalmology.

Keywords: retinoblastoma; drug delivery systems (DDS); nanosystems; nanoparticles; nanotechnology;
nanomedicine; ocular drug delivery; pediatric ocular disease; retinoblastoma

1. Introduction

In the realm of pediatric oncology, retinoblastoma emerges as the foremost intraocular
malignancy, presenting unique challenges in its treatment due to the delicate context of
its pediatric patient base and the intricacies of ocular drug delivery. Conventional treat-
ment modalities, including enucleation, chemotherapy, and radiotherapy, while effective
to varying degrees, are fraught with limitations, such as systemic toxicity, recurrence,
and long-term side effects, highlighting the urgent need for more targeted and personal-
ized therapeutic strategies. In this context, the burgeoning field of nanotechnology offers
a promising horizon. This review article delves into the current landscape of retinoblastoma
treatment challenges and showcases the revolutionary potential of nanosystems in enhanc-
ing ocular drug delivery. Through a comprehensive exploration of various nanoparticle
types—including gold, mesoporous silica, iron, polymeric, and lipid nanoparticles—this
article elucidates their application in overcoming the biological barriers to drug delivery
in the eye, potentially offering targeted therapy with reduced side effects and improved
efficacy. Covering the literature from 2017 to 2023, this article comprehensively examines
these nanocarriers’ potential impact on transforming the treatment landscape for pediatric
ocular diseases.
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2. Overview of Retinoblastoma
2.1. Epidemiology

Retinoblastoma is recognized as the most prevalent primary intraocular malignancy
among children, securing its position as the second most common of such tumors across
all age groups, only surpassed by uveal melanoma. This malignancy manifests with
a frequency ranging from 1 in every 14,000 to 20,000 live births, translating to an estimated
250-300 new cases emerging annually within the United States alone. It exhibits no
preference regarding gender or ethnicity, affecting both sexes and all races indiscriminately.
Notably, in 30-40% of instances, retinoblastoma presents bilaterally [1]. A significant
majority, approximately 90%, of retinoblastoma cases are identified in children younger
than three years of age.

The age at diagnosis of retinoblastoma is intricately linked to both the presence of
a family history of the disease and its bilateral or unilateral presentation. Children with
a known familial history of retinoblastoma are typically diagnosed at an average age
of 8 months. In contrast, those affected by the disease in both eyes, or bilaterally, are
usually diagnosed at around 12 months of age. Meanwhile, patients exhibiting unilateral
disease, where the tumor is confined to one eye, are often diagnosed at a later stage, around
24 months [1].

This variation in diagnosis timing highlights the influence of genetic predispositions
and the scope of the disease’s manifestation. Furthermore, the incidence of retinoblastoma
on a global scale exhibits a stark variation, with up to a fiftyfold difference primarily
attributed to the variability in birth rates across different regions. Registries have recorded
the highest incidences of retinoblastoma in African countries, indicating a geographical
disparity in the prevalence of this condition [2].

2.2. Etiological Insights and Risk Factors

Retinoblastoma emerges due to detrimental alterations in the RB1 gene, specifically
located on the long arm of chromosome 13 at the 13q14 locus [3]. The malignancy develops
when mutations occur in both copies of the RB1 gene. In bilateral cases, which comprise
a minority of occurrences, there is a 98% likelihood of the mutations being of germline
origin. While familial retinoblastoma is rare, accounting for 5% of all cases, the vast majority
of cases, or 95%, are sporadic. Within these sporadic cases, 60% are unilateral with no
germline mutation detected, leaving the remainder exhibiting germline mutations and the
potential for multiple tumor formations.

Heritable retinoblastoma is characterized by a mutation in one RB1 gene allele across
all body cells. The disease progresses to malignancy when the remaining allele undergoes
mutation, potentially due to environmental factors. This condition results in bilateral
and multifocal tumors, significantly increasing the risk of secondary non-ocular cancers
(e.g., pineoblastoma, osteosarcoma, soft tissue sarcoma, melanoma) [4]. The base risk of
developing a secondary cancer is 6%, with this risk increasing fivefold if external beam
radiation therapy is applied to the primary tumor.

Conversely, non-heritable retinoblastoma, which usually presents unilaterally, does
not follow a pattern of genetic transmission and thus does not elevate the risk of secondary
non-ocular cancers. Identified in patients with no family history of the disease, this type
implicates a 1% risk for both the siblings and offspring of affected individuals. Significantly,
non-heritable retinoblastomas constitute approximately 90% of unilateral cases [4].

2.3. Diagnostic Approaches and Clinical Presentation
2.3.1. Initial Assessment and Clinical Signs

Diagnosis of retinoblastoma primarily relies on clinical assessment. Clinical signs
and symptoms at the point of diagnosis vary depending on the tumor’s size and position.
Leukocoria (a white reflection from the pupil) and strabismus (misalignment of the eyes)
are the most frequently observed initial indicators of the disease [5]. Although less common,
other symptoms, such as iris heterochromia, spontaneous hyphema, pseudo-hypopyon,
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and signs of ocular inflammation, may also be present (Figure 1). On occasion, smaller
tumors might be detected during routine eye examinations, with complaints regarding
vision being rare, largely because the condition predominantly affects children of pre-school

age [6].

Figure 1. Manifestation of retinoblastoma accompanied by ocular inflammation and pseudo-
hypopyon in the anterior chamber. Image credit: Prof. Clare Gilbert, International Centre for
Eye Health (ICEH), London School of Hygiene & Tropical Medicine (www.iceh.org.uk, accessed on
24 February 2024). This work is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International License.

2.3.2. Development and Variants

Retinoblastoma emerges as a translucent, gray-to-white tumor within the retina,
supported by enlarged, twisted vessels. As it progresses, the tumor calcifies, adopting
a distinctive chalky appearance. It exhibits two primary growth patterns: exophytic,
developing beneath the retina and potentially causing widespread retinal detachment,
and endophytic, growing on the retinal surface toward the vitreous cavity. Endophytic
tumors may obscure blood vessels and are prone to producing vitreous seeds, which can
spread within the eye, potentially forming new tumors. These seeds can also migrate
to the anterior chamber, leading to nodules on the iris or a pseudo-hypopyon. Such
cases frequently encounter complications, such as secondary glaucoma and rubeosis iridis.
Diffuse infiltrating retinoblastoma, a rarer form identified later in childhood, usually
manifests unilaterally and complicates diagnosis due to the obscured retina from dense
vitreous cells, often being mistaken for uveitis with an unknown origin [6].

2.3.3. Diagnostic Imaging and Evaluation

MRI is pivotal in diagnosing retinoblastoma due to its superior soft-tissue resolution
and non-radiative nature. These modalities help identify the characteristic calcifications
and evaluate the optic nerve, orbits, and brain. Systemic metastasis assessments, including
bone marrow and lumbar puncture, are generally not recommended unless there are
neurological symptoms or signs of extraocular extension [7]. Additionally, examining
the parents and siblings for signs of retinoblastoma or retinocytoma is crucial to identify
a hereditary predisposition.
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2.3.4. Metastasis and Extraocular Extension

In developed countries, it is uncommon for patients with retinoblastoma to have
metastasis or intracranial extension at the time of diagnosis. When metastasis does occur, it
typically involves the abdominal viscera, brain, bones, lymph nodes, and spinal cord, often
as a result of the tumor spreading through the optic nerve or choroid. Growth of the tumor
into the orbit can cause proptosis, and its invasion into the anterior chamber can promote
lymphatic dissemination, which may be detected through palpable lymph nodes [8].

2.3.5. Classification

The management of retinoblastoma has evolved significantly, with primary local
and/or systemic chemotherapy now being preferred over external beam radiotherapy.
This shift has led to the widespread adoption of the International Classification System
for Intraocular Retinoblastoma globally. Within this framework, the classification of eyes
is based on tumor size, the presence of subretinal fluid, and the degree of vitreous and
subretinal seeding. The system categorizes eyes from Group A (most salvageable) to Group
E (least salvageable) with chemotherapy. Group E encompasses cases with anterior chamber
involvement, neovascular glaucoma, vitreous hemorrhage, and/or necrosis, typically
deemed unsalvageable [9].

2.4. Prognosis and Management Strategies

In industrialized nations, the prognosis is favorable, with survival rates above 95% for
intraocular cases. However, this rate significantly declines to below 50% upon extraocular
extension. Thus, the treatment protocols prioritize, in descending order, the preservation
of life, the eye, and vision. The contemporary management of intraocular retinoblastoma
integrates various modalities, including enucleation, systemic and local chemotherapy, laser
and cryotherapy, along with external beam and plaque brachytherapy. For cases exhibiting
metastatic spread, a combination of intensive chemotherapy, radiation therapy, and bone
marrow transplantation is adopted. A multi-disciplinary team approach, involving ocular
oncologists, pediatric ophthalmologists, pediatric oncologists, and radiation oncologists, is
essential for optimizing treatment outcomes [10].

3. Challenges in Treating Retinoblastoma
3.1. Enucleation

Enucleation stands as a cornerstone treatment for retinoblastoma, offering a complete
surgical removal of the tumor in the majority of cases. This procedure is typically deemed
suitable under certain conditions, including when the tumor occupies over half of the eye,
when there is suspicion of orbital or optic nerve involvement, when the anterior segment
is affected, in the presence of neovascular glaucoma, or when the vision potential of the
affected eye is severely compromised. The surgical technique aims to maximize the length
of the optic nerve removed, ideally exceeding 10 mm [11].

3.2. Laser and Cryotherapy

The treatment of retinoblastoma frequently involves the use of the 810 nm infrared
diode laser, highly regarded for its precision in targeting retinal tumors. This technique
can be administered as a standalone treatment or as an adjunct to chemotherapy, offering
flexibility in managing the disease [12].

For smaller tumors, with an apical thickness up to 3 mm, cryotherapy is preferred. It
employs a triple freeze-thaw technique under direct observation, distinguishing its appli-
cation based on tumor location: laser photoablation for posterior tumors and cryoablation
for anterior ones. Both methods require multiple sessions and continuous monitoring to
address tumor recurrence or treatment-related complications effectively [13].
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3.3. Radiotherapy

External beam radiation therapy (EBRT) was a widely popular method for treating RB
in the past. It is a local treatment delivering external radiation beams to the target tissue. A
consequence of this treatment modality is its potential to induce secondary tumors. Wong
et al. (1997) found that genetic predisposition to hereditary RB and radiation increase the
risk of secondary malignancy [14]. Abramson et al. (1998) suggested that the long-term
effect of radiation treatment depends strongly on the age at first exposure to EBRT, and
it is thus not recommended before 12 months of age [15]. Though effective, its potential
major complications cause this treatment to be of last resort. Yousef et al. (2020) found that
EBRT was able to control RB eyes after the failure of combined chemotherapy and focal
therapy [16]. Today, this technique is recommended in patients who are not candidates for
safer therapeutic modalities [17].

3.4. Chemotherapy

Chemotherapy is a great alternative to EBRT, as it spares the risks of secondary malig-
nancy. Systemic chemotherapy is not shown to be effective when administered alone and
can cause important consequences, such as hearing deficits, neutropenia, and infection [18].
Intra-arterial delivery of chemotherapy can cause neutropenia and the need for blood trans-
fusion, although to a lesser extent than systemic delivery. Furthermore, the invasive nature
of arterial delivery can result in systemic side effects, such as transient ischemic attacks and
strokes [19]. Additionally, vascular effects, such as vitreous hemorrhage, arterial occlusion,
and retinal detachment, can occur [16,19]. Although the cause remains unknown, some
suggest that it is a drug-specific side effect. Steinle et al. (2012) demonstrated vascular
toxicity of melphalan and carboplatin (CRB) [20], and histological changes supporting such
toxicity were shown by Tse et al. (2013) [21]. Intra-arterial injections are also limited by
the blood-retinal barrier (BRB) and the avascular nature of the vitreous; thus, repeated
injections are required to express adequate vitreous drug concentrations [22,23] (Figure 2).
Intravitreal drug delivery is the preferred method for treating vitreous seeds. This ap-
proach allows for direct delivery of drugs to the vitreous and increased local bioavailability.
However, this raises the question of potential toxicity to the eye and surrounding tissues
due to high concentrations within the vitreous. Yousef et al. (2021) concluded that afteref-
fects at standard doses are not uncommon, with 59% developing side effects, with retinal
toxicity and cataracts being the leading results [24]. Intravitreal injections also often require
multiple injections, increasing the chances of endophthalmitis. Nanoparticles (NPs) as drug
delivery systems can address the toxic complications, drug stability, and physiological
barriers currently hindering chemotherapy injections. Table 1 provides a summary of
treatment types and respective challenges discussed in this section.

Table 1. Retinoblastoma—Current treatment challenges.

Treatment Modality Challenges References

- Secondary tumors

EBRT N/A - Treatment of last resort [14-17]
Systemic - Ineffect}ve alf){le [18]
- Systemic toxicity
- Invasive therapy
. - Need for equipment and specialists
h h Intra- 1 19-2
Chemotherapy ntra-arteria - Vascular side effects among others [19-23]
- Limited by BRB and avascular vitreous
Intravitreal - Toxicity to eye and surrounding tissue [24]

- Requires repeated injections, endophthalmitis
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Blood Aqueous Barrier

Corneal Barrier Vitreal Barrier
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Tear Film Barrier Blood Retinal Barrier
Figure 2. Anatomical and physiological barriers of the eye.

4. Nano-Based Strategies
4.1. Inorganic Nanoparticles
4.1.1. Gold Nanoparticles (GNPs)

GNPs have a range of possible applications, from diagnostic tools to therapeutic
delivery, including low toxicity and high surface area to volume ratio, enabling high
loading capacity and delivery to the retina [25]. Yan et al. (2021) took advantage of their
high surface area to volume ratio to coat a gold(I)-thiol-peptide with polyacryl sulfhydryl
imidazole (PSI). PSI coating of the GNPs resulted in a lower Zeta potential at pH 7.4, falling
from 37 mV to 28 mV, and the NPs’ spherical shape remained unchanged. Peptide-derived
molecular glue was embedded to target Murine Double Minute X (MDMX) degradation,
which allows for the restoration of p53 and p73, two tumor suppressor genes. Additionally,
PSI coating enabled the nanoparticle to be pH-responsive, only releasing its content in
a tumor microenvironment, which is normally more acidic than normal tissue [26,27].
In vitro studies on WERI-RB1 cells demonstrated a dose-dependent degradation of MDMX
with a DC50 of 154 nM. In a patient-derived xenograft (PDX) model of pancreatic carcinoma
measuring 100 4 25 mm?3, this NP inhibited tumor growth by 85.7% within 10 days, and
downregulation of MDMX was seen on histological analysis. Furthermore, no weight
change, difference in blood biochemical index, or pathological findings were observed
following treatment [26,27]. Kalmodia et al. (2017) loaded GNPs with anti-human double
minute 2 (anti-HDM?2) and studied their effect on Y79 cells. These GNPs were spherical,
32-122 nm in size, with a Zeta potential of —11.4; the hydrodynamic diameter (HD) and
polydispersity index (PI) were 66.72 and 0.303, respectively. Their experiment on Y79 cells
showed a statistically significant decrease in cells in the G1 phase following treatment,
suggesting a mechanism of G2/M phase arrest and p53-mediated apoptosis [28]. These
two studies illustrate the wide variety of structures that GNPs can take to target the same
problem of retinoblastoma. Darviot et al. (2019) merged laser treatment and nanoparticles
to reduce the energy required to destroy cancerous cell membranes via heat. Two types
of GNPs were utilized: citrate-capped 100 nm and 80 nm 50:50 gold-silver. Interestingly,
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at 250 ] cm~2, the laser-GNP interaction resulted in up to 98% cell death in the vitreous
phantom of 15 cP, mimicking the vitreous environment, compared to 82% in the culture
environment, showing optimistic results for clinical application. However, one limitation
is the lack of homogenous attachment of NPs to the cultured cells, since their interaction
relies solely on electrostatic attraction [29]. Hence, there is opportunity to explore surface
coatings targeting Y79 cells for future enhancement of the treatment modality. Similarly,
Moradi et al. (2020) demonstrated the synergistic effect of ultrasonic hyperthermia and
GNPs. The fabricated spherical GNPs had a diameter of around 60 nm, with a Z potential of
+38.6 mV and a hydrodynamic diameter of 89 nm. In vitro studies on Y79 cells highlighted
that cell viability of 50% was achieved after 9 min of hyperthermia alone, whereas it was
achieved in 4.5 min with the presence of gold nanoparticles [30]. Moradi et al. (2020)
followed up with another study investigating the synergistic effect of 20 Gy brachytherapy,
hyperthermia, and GNPs in rabbit eye models inoculated with Y79 cells. These GNPs had
similar properties, being spherical, 60 nm in size, with HD of 80 nm and Zeta potential of
+38.6 mV. Though this combination therapy caused a significant reduction in tumor size,
resulting in tumor growth inhibition of 85%, compared to their individual potentials, it
also enhanced inflammation, scarring, and hemorrhage occurrences [31]. Thus, there is
a need for investigation into the protocols addressing variable factors, such as the ideal
temperature, length of treatment, and heat source, before delving into clinical studies.

4.1.2. Mesoporous Silica Nanoparticles (MSNPs)

MSNPs have been investigated for drug delivery and imaging among others, at-
tributable to their high surface, pore volume, drug-loading capacity, and ease in incorpo-
rating surface functionalization [32]. There is a substantial research focus on the efficient
targeting of tumor cells. Folic acid receptors are significantly overexpressed in retinoblas-
toma cells, and targeting such receptors could benefit cellular uptake [33]. Hence, their
high drug-loading capacity and availability for surface-targeting properties could benefit
chemotherapeutic delivery to retinoblastoma cells. Qu et al. (2018) explored this concept
by synthesizing folic acid conjugated MSNPs embedded with topotecan. The addition of
surface folic acid (FA) not only had benefits in terms of cellular uptake but also enabled
controlled drug release. The original spherical MSNP containing topotecan (TPT) had a size
of 110 = 2.54 nm and increased to 168.5 = 1.65 nm following the addition of FA, but it kept
its spherical shape. In vitro release pattern testing using a dialysis protocol highlighted the
controlled release of MSNPs with FA receptors, as 60% of TPT was released after 24 h of
incubation compared to 80% in MSNPs without FA receptors. In vivo testing in Y79-cell-
bearing xenograft tumor models demonstrated the efficiency of folic acid in targeting tumor
cells, which allowed for a reduction in tumor volume of ~300 mm?3 compared to ~1000 mm?3
in MNPs without FA receptors, which further supports the idea of increased cellular uptake
due to the presence of FA receptors [34]. Using a similar approach of targeting retinoblas-
toma (RB) cells and in order to address carboplatin (CRB) side effects, such as neurological
toxicities and thrombocytopenia, and limitations of physiological barriers, Qu et al. (2017)
used MSNPs to effectively deliver the drug. Rather than depending on diffusion, this
nanoparticle targeted epithelial cell adhesion molecule (EpCAM) receptors overexpressed
in RB cells by attaching EpCAM to the surface of the MSNPs loaded with carboplatin
(CRB). The nanoparticles were spherical and had a Zeta potential of —20.1 £2.15mV
and a size of ~150 nm. An ICs value of 1.38 ug/mL compared to free CRB ICs value
of 3.26 ng/mL demonstrated its significantly higher cytotoxicity attributed to its higher
cellular internalization due to ligand targeting. Further, in vitro testing on Y79 cells re-
vealed that free CRB induced 15% apoptosis compared to 40% and 65% in CRB-containing
MSNPs and those with EpCAM receptors, respectively [35,36]. Sodagar Taleghani et al.
(2019) opted to design a stimuli-responsive and cancer-cell-targeting MSNPs to control and
target drug release. Taking advantage of their unique biological need for above-normal
glucose uptake and the higher extracellular pH of tumor tissues compared to healthy
tissue, the MSNPs loaded with deferasirox and containing pH-responsive polyamidoamine
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(PAMAM) dendrimer and decorated with glucuronic acid had a Zeta potential of 5.3 mV. In
in vitro studies, at pH 7.4, only 15% of deferasirox was released compared to 66% at pH 4.5,
demonstrating the sensitivity of PAMAM dendrimers to pH. The viability of Y79 cells when
induced with deferasirox-loaded sugar-decorated nanocarrier was around 39.85 £ 0.45%
for a concentration of 200 pug/mL compared to 72.84 £ 1.29% for those without sugar
conjugation, highlighting the benefits of sugar conjugation in the uptake of the drug via
receptor-mediated endocytosis [37].

4.1.3. Iron Nanoparticles

Iron NPs have a particular characteristic of being of superparamagnetic nature, al-
lowing them to be excellent candidates in biomedical imaging as well as hyperthermic
in nature in response to magnetic fields [38]. Demirci et al. (2019) used dextran-coated
magnetic NPs in magnetic hyperthermia, where internalized nanoparticles are exposed to
a magnetic field and convert the energy into heat, killing tumor cells, which are sensitive
to heat. These NPs were not found to be toxic in the absence of a magnetic field and were
selectively cytotoxic to Y79 RB cells instead of ARPE-19 cells upon magnetic induction. At
a concentration of 0.75 mg/mL, 50% of Y79 cell death occurred compared to ARPE-19 cells,
which had a viability of 88%. Moreover, apoptosis began less than 24 h after induction and
involved both the mitochondrial cell death pathway and apoptotic gene expression [39].
Seydi et al. (2023) studied superparamagnetic iron oxide nanoparticles (SPIONs) targeting
the mitochondria of Y79 RB cells. These SPIONs had an average particle size of 2040 nm
and a bulk density of 1.20 g/cm3. This resulted in mitochondrial swelling, a collapse in
mitochondrial membrane potential (MMP), a decrease in succinate dehydrogenase (SDH),
and an increase in caspase-3 and ROS, leading to an overall decline in cell viability and
an ICsg of 250 nm in RB mitochondria [40]. Although the in vitro results are positive, the
exact properties of such nanoparticles remain unknown, such as penetration capability
in retinal tissue and the choroid [39]. Hence, it is important for in vivo experiments to
explore potential ocular toxicity. Further, although the hyperthermic properties of iron
NPs allow them to exert therapeutic effects alone, it would be interesting to explore the
possible synergistic effects of hyperthermic reactions and chemotherapeutic drugs loaded
in iron NPs.

4.1.4. Silver Nanoparticles

Silver nanoparticles (AgNPs) are alternative vehicles for delivery and have been
widely applied in the antimicrobial context due to their broad-spectrum antimicrobial
activity. They also have great potential in anti-cancer treatment due to their low toxicity,
magnetic properties, and surface area to volume ratio. Importantly, AgNPs alone tend to ag-
glomerate due to their surface charges, hence the importance of surface coating, especially
in the context of drug delivery through the vitreous—a size- and charge-sensitive, difficult
environment to cross [41]. Turbinaria Ornata are algae containing Laminarin, a polysaccha-
ride with anti-tumor and anti-apoptotic features among other biological activities [42,43].
Remya et al. (2017) first developed a technique for rapidly synthesizing biological AgNPs
from Turbinaria Ornata extracted from brown seaweed. Biologically synthesized AgNPs
have enhanced therapeutic effects compared to their chemical counterparts while being
environmentally friendly and cost-efficient [44-47]. Mixing 10 mL of the natural extract
with 90 mL of 1 mM aqueous silver nitrate (AgNO3) yielded polydispersed AgNps with a
size of 22-32 nm and a Zeta potential of —28.7 mV. In vitro experimentation demonstrated
beneficial cytotoxic and apoptosis effects on Y79 cells with good radical scavenging effects
and ICsq of 10.5 pg/mL [46]. Remya et al. (2018) followed up with a similar study where
the AgNPs were synthesized using 5 mL of laminarin and 95 mL of 1 mM AgNO3, which
resulted in 21-34 nm uniform and spherical particles with ICsq of 16.45 ug/mL in Y79 cell
lines. Furthermore, the mechanism involved breaking DNA double strands, leading to in-
creased sub-G1 apoptotic cell growth and inhibiting proliferation [46,47]. The biosynthesis
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of these AgNPs using algae allows for an environmentally friendly, cost-effective synthesis
method [48].

4.2. Organic Nanoparticles
4.2.1. Polymeric Nanoparticles

Polymeric nanoparticles are composed of various polymers, with the most common
being poly(lactic-co-glycolic acid) (PLGA) and polycaprolactone (PCL), which are approved
by the FDA [49]. Furthermore, they are biocompatible and degradable, with high stability
and solubility. Moreover, their structure allows for enhanced drug accumulation, which is
ideal for loading and delivering intact drugs to the retina, enhancing their bioavailability at
the site of action [50]. Godse et al. (2021) studied the role of etoposide-loaded, chitosan-
coated, and galactose-conjugated PLGA NPs in Y79 cells in vitro. These spherical PLGA
NPs had a Zeta potential of +25 mV, which is favorable for diffusion across the vitreous
and penetration of the retina, and the size ranged from 150 to 160 nm. Galactose targeted
RB cells through their overexpression of sugar receptors, allowing for a cellular uptake of
70.02% compared to 49% in PLGA NPs without galactose in Y79 cells. Chitosan stabilized
the NPs, permitting sustained release of the drug for over 32 h compared to a complete
release of the free drug after 6 h. The enhanced properties of this nanoparticle permitted
increased cellular uptake, cytotoxicity, and apoptosis [51]. Silva et al. (2019) adopted
a similar approach, where they evaluated the cytotoxic effects of oleanolic (OA) and ursolic
(UA) acids loaded in PLGA NPs and demonstrated decreased drug cytotoxicity when
loaded in nanoparticles. These nanoparticles had sizes ranging from 213.55 £+ 1.60 nm
to 217.98 £ 2.74 nm and Zeta potentials of —27.12 4+ 0.27 mV and —26.85 £ 0.49 mV
depending on the type of mixture of OA and UA being loaded—natural or synthetic,
respectively. In vitro analysis of Y79 cells demonstrated cell viability of 15.43% when
exposed to the free synthetic mixture of OA and UA compared to 65.62% with PLGA NPs.
Advantageously, in vitro exposure to these nanoparticles in HepG2 and Caco-2, colon and
hepatic cells, showed the absence of systemic toxicity, highlighting their potential as oral
dosage forms [52]. Zhuang et al. (2021) exposed carboplatin-loaded, sodium alginate (SA)
surface-modified PLGA NPs to Y79 cells in vitro, which highlighted the benefits of SA
when it comes to cellular uptake and the pace of drug delivery. The PLGA NPs were round,
with a mean size of 253.94 £ 66.53 nm and a Zeta potential of around —43.1 & 8.1 mV. The
burst release of CRB was examined at 24 h and was 18.86% = 4.3% and 40.01% =+ 8.2%
for PLGA NPs with and without SA, respectively. Analysis of the inhibitory effect on Y79
cell viability showed that PLGA NPs with SA exhibited higher effects at all concentrations
and times compared to SA-absent PLGA NPs. Their future incentives include in vivo
topical administration of their engineered NP as a treatment comparable to intravitreal
drug delivery and its side effects [53]. Based on these studies, there exists an endless
possibility of combinations of types of polymers, drugs, and surface modification. The
therapeutic results of each variable are yet to be understood. For instance, Sims et al.
(2019) tested melphalan-loaded PLGA NPs with various surface modifiers, and only the
Tet Methylcytosine Dioxygenase 1 (TET1) and Methoxy Polyethylene Glycol (MPG) groups
demonstrated improved efficacy relative to unmodified NPs. MPG-modified NPs had a
diameter of 129 + 38 nm, and TET1 had a diameter of 123 £ 33 nm. Melphalan loading
at 1 mg/mL saturated batches in MPG and TET1 NPs showed statistically significant
differences: 135.7 + 7.8 and 212.7 4+ 4.5 ug melphalan per ND, respectively. The ICs
values of MPG and TET1 were 0.35 & 0.06 and 0.23 & 0.04 mg NP/mL, respectively, and
they differed in binding patters, with MPG PLGA NPs having the highest level of cell
internalization after 1.5 h compared to the TET1-modified group, which only increased
after 24 h. These results demonstrate the impact of surface modifications on the changing
physiology of NPs [23]. Likewise, when synthesizing a nanoparticle, it is important to
consider the trade-offs between positively and negatively charged carriers, respectively, to
improve internalization and distribution. Lastly, the size of NPs is an important factor when
considering leakage through important biological barriers, which could cause systemic
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toxicity [51]. Hence, there exists a strong need for investigation into the optimized structures
of nanoparticles and their modifiable factors to highlight the ideal combinations specific for
treating retinoblastoma. Finally, chitosan-derived nanoparticles are a sub-type of polymeric
NPs and have been investigated to overcome the administration challenges with natural
chitosan, which is insoluble in neutral media. Comparative studies between N-trimethyl
chitosan (TMC) and thiolated chitosan (TC)—the derivatives of chitosan—highlighted the
superiority of thiolated chitosan nanoparticles (TCs-NPs). In fact, Delrish et al. (2021)
believed that chitosan nanoparticles could address the barriers of effective intravitreal
delivery of topotecan hydrochloride (TPH) in treating RB and aimed at comparing the
effectiveness between topotecan-loaded N-trimethyl chitosan nanoparticles (TPH-TMCs-
NPs) and TPH-TCs-NPs in addressing these obstacles, such as controlled drug delivery
and poor cellular uptake. TPH-TMCs-NPs and TPH-TC-NPs were both spherical in shape
but had different sizes (39 & 3, 25 &+ 2 nm), Zeta potentials (38 £ 3, 12 & 2 mV), and EE
(73.34 £ 2, 85.23 £ 2%). The difference in these properties reflected different outcomes in
xenograft models intravitreally injected with Y79 cells, where TPH-TC-NPs exhibited 90%
tumor necrosis compared to TPH-TMCs-NPs (20%) and free TPH (15%) It is hypothesized
that TPH-TCs-NPs showed superior cellular uptake and cytotoxicity and allowed for
penetration of the vitreous due to their small size, low anionic, and small Zeta potential
(12 £ 2 mV), which allowed them to efficaciously penetrate the vitreous humor compared
to the latter, which had a higher Zeta potential [54]. Following this discovery, Delrish
et al. (2022) engineered carboxymethyl dextran (CMD)-TMCs-NPs with a surface charge
of 29 £ 4.31 mV and CMD-TC-NPs with a charge of 11 £ 2.27 mV. The diameters of
these chitosan NPs were 42 £ 4.23 and 34 £ 3.78 nm, respectively. They assessed the
biodistribution of these NPs in xenograft mouse models previously injected with Y79 cells
and highlighted once again the effect of surface charge of NPs on post-intravitreal diffusion
to the retina. CMD-TMCs-NPs were completely immobilized due to their highly positive
charge [55]. Recently, Ghassemi et al. (2023) combined all these findings to synthesize
TPH-CMD-TCS-NPs. Combining TPH drug therapy, CMD for improved NP stability, and
TCS as a vehicle for delivery, they were spherical in shape, with a size, PDI, Zeta potential,
and ICsg of 30 &+ 4 nm, 0.24 £ 0.03, 10 £ 3 mV, 40.40, respectively. In vivo studies in
rabbit xenograft models demonstrated a significant decrease in rabbit tumor volume seven
days after injection, highlighted by 91 &+ 2% tumor necrosis. Additionally, no histological
retinal deformities were found, suggesting an alternative anti-tumor treatment with low
toxicity [56].

4.2.2. Lipid Nanoparticles

Lipid-based NPs (LNPs) are appealing due to their biocompatibility, degradability,
scale-up capacity, and possibility of delivering hydrophilic and lipophilic drugs specifically,
such as etoposide—a lipophilic medication used as chemotherapy in treating retinoblas-
toma. There exist numerous kinds of lipid NPs, varying from liposome-based, solid-lipid-
based (SLNs) to nanostructured lipid carriers (NCLs), which are composed of a mix of solid
and liquid lipids [57]. Ahmad et al. (2019) highlighted the variable features of lipid NPs
based on the nature of the lipid matrix, its concentration, and particle size. For example,
lipid concentration plays an important role in entrapment efficiency (EE) and particle
size. Based on this, they engineered an optimized LNP, with a particle size, polydispersity
index (PDI), and EE of 239.43 & 2.35 nm, 0.261 £ 0.001, and 80.96 £ 2.21%, respectively.
In vitro drug release studies comparing free etoposide and etoposide loaded in the opti-
mized lipid NP demonstrated biphasic and slow release in the latter—75.74% =+ 1.56 after
48 h—compared to the near total release of the free drug after 16 h. This finding also
supports the sustained vitreous concentration of etoposide following intravitreal admin-
istration of the lipid NP in enucleated mouse eyes. The NPs also allowed for sustained
release of etoposide for at least seven days compared to a trace amount of the free drug
after the second day [58]. Marathe et al. (2022) studied a x-tocopherol succinate (xTS)-
based nanostructured lipid carriers (NCLs) to overcome the poor aqueous solubility of
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paclitaxel (PTX). This study highlighted the importance of considering the solid and lig-
uid lipid ratio depending on the loaded drug and its properties, as this parameter can
greatly influence the parameters of NLCs, such as size. Their optimized NLCs had a size,
PDI, and Zeta potential of 186.2 + 3.9 nm, 0.17 £ 0.03, and —33.2 & 1.3 mV, respectively.
Marathe et al. further developed on the importance of variables when constructing a NP
by evaluating its stability over 60 days. NLCs containing polyethylene glycol (PEG) NLCs
demonstrated higher stability in terms of particle size, PDI, and Zeta potential compared
to pure NLCs, suggesting an alteration in the physiochemical properties of NLCs after
PEGylation. Drug release reached a maximum of 40% and plateaued until the end of the
study at 48 h compared to 67% for the PEG NLCs [59]. Both studies have underlined
the potential lipid nanoparticle structural changes possible when altering the variables.
When looking at a combination therapy of genetic therapy and drug delivery, Tabatabaei
et al. (2019) fabricated spherical, switchable LNPs containing melphalan and miR-181a
with a size of 171 &+ 4 nm, Zeta potential of 24.5 + 0.7 mV, and PDI of 0.13 £ 0.04. The
switchable LNPs allowed for conformation change and endosomal escape at acidic pH.
The EE of melphalan and miR-181a were 93.0% =+ 0.2 and 97.5% = 0.7, respectively. They
concluded that the delivery of dual-loaded LNPs containing melphalan and miR-181a
resulted in amplified effects compared to both being delivered separately. For instance,
LNPs containing miR-181a alone resulted in 37% reduction in Y79 cells compared to 72%
when delivering LNPs containing both miR-181a and melphalan in in vivo treatments of
mouse vitreous [60]. Conversely, Gibson et al. (2020) manufactured switchable LNPs con-
taining siRNA. Use of the extrusion method yielded LNPs with a size of 162 £ 1 nm, Zeta
potential of 31.6 = 1.0 mV, and PDI of 0.135 £ 0.03. These siRNA LNPs targeting survivin
sequential to chemotherapy increased the therapeutic effects of melphalan and carboplatin,
with survivin being resistant to the drugs before its downregulation. Further, survivin
silencing before chemotherapy allows for retained effectiveness at a lower dose, reducing
its potentially toxic effects. Indeed, survivin silencing allowed for melphalan and topotecan
ICsp to be reduced by 77%. As an illustration, treatment of Y79 cells using 30 uM of CRB and
0.25 uM of topotecan following survivin pre-treatment was necessary for 50% cell viability
compared with 191 uM and 0.5 uM, respectively, when used individually in the absence of
miR-181a [61]. Finally, still on the topic of synergistic effects, Wang et al. (2023) investigated
the co-delivery of melphalan and black phosphorus quantum dots (BPQDs) dually loaded
in LNPs for photothermal therapy. These spherical LNPs were 82-180 nm in diameter,
with a PDI of 0.15-0.16, EE of 40%, and 43.7% for melphalan and BPQDs, respectively.
In vivo studies in mouse xenograft models inoculated with WERI-RB-1 cells revealed that
co-loaded LNPs showed an inhibitory effect of 65% compared to melphalan alone (51%) on
tumor proliferation. One interesting finding is that free BPQDs were more cytotoxic than
those loaded in nanoparticles, which is optimal for mitigating their toxic side effects, such
as nephrotoxicity. In fact, BPQDs alone induced the highest inhibitory effect, at 79%, but
they showed the highest ki67 levels, which were reduced in co-loaded LNPs [62,63]. As
mentioned previously, ongoing research to optimize the formulation of LNPs only or within
a combination therapy is needed to better understand the characteristics and changes in
the structure and function, which loading of different elements may cause. For example, as
previously discussed, Tabatabaei et al. (2019) highlighted that incorporation of miR-181a
reduced the surface charge of LNPs from 40.4 £ 8.2 to 24.5 £ 0.7 mV but maintained
their cationic properties [60]. Dual loading of elements can also cause incompatibility or
tissue toxicity, hence the importance of interaction analysis before delivery. Indeed, Gibson
et al. (2020) showed that all drugs have different properties, and the targeting of survivin
silencing did not enhance the therapeutic potential of Teniposide compared to other drugs,
such as carboplatin, suggesting a different intracellular mechanism of this drug [61].

4.2.3. Protein Nanoparticles

As with lipid nanoparticles, protein NPs can be generated using various building
blocks, such as albumin and lipoprotein, and they have advantages in their preparation,
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where toxic chemicals can be omitted. They are also stable, cost-effective, and have high
loading capacity [64]. Moreover, proteins are amphiphilic, allowing for interactions with
hydrophilic and hydrophobic drugs, and their abundance in charged groups enables vari-
ous chemical modifications, such as surface-modified targeting properties [65]. Therefore,
their high loading capacity and selective targeting capabilities can allow for optimal cancer-
ous cell uptake. In fact, cancer stem cells—which are found in both primary RB and Y79
cells—have chemoresistant properties, since they induce cell arrest, while chemotherapy
targets proliferating cells [66—69]. Narayana et al. (2021) produced lactoferrin protein
nanoparticles (LENPs)—targeting the prominent lactoferrin (LF) receptors in tumor cells
due to increased iron demand—to treat retinoblastoma and mitigate chemoresistance to
carboplatin (CRB) and etoposide (ETP). LENPs containing CRB (CRB-LFNPs) and those
containing ETP (ETP-LFNPs) had dimensions and EE of 61.2 nm, 60%, and 45.15 nm, 38%.
They found that LF-CRB and LF-ETP displayed increased cellular uptake, retention, and
cytotoxicity compared to their free drug counterparts and that the release of NP content
was highest at pH 6. As an illustration, the analysis of the drug effect on Y79 cell population
yielded free CRB ICsq of 230.3 compared to 118.2 for CRB-LENPs. Moreover, the free CRB
uptake was 9.99 ug/ 100, with drug retention at 15.46% after 48 h compared to CRB-LFNDPs,
where drug uptake and retention were higher (17.38 pg/10° and 54.43%). Similar trends
were observed when comparing free ETP and those loaded in LFNPs. Their experiments
centered on cancer stem cells (CSCs) due to their characteristic feature of drug resistance.
The increased cytotoxicity of these LENPs on Y79 CSCs offers promising potential in target-
ing the drug resistance of CSCs. It is worth evaluating the possibility of dual drug loading
or sequential NP delivery of both CPT and ETP for potential synergistic properties [65].
The optimal results in vitro may be translated to future in vivo experiments.

4.2.4. Nanomicelles

These nanoparticles are structured with amphiphilic monomers, hydrophobic heads,
and hydrophilic tails, permitting high hydrophobic drug loading, stability, and solubil-
ity [70]. Curcumin’s hydrophobic nature, poor bioavailability, and rapid degradation have
pushed for the discovery of curcumin analog alternatives, such as 3,4-difluorobenzylidene
curcumin (CDF), to address these issues [71]. Alsaab et al. (2017) constructed amphiphilic
poly(styrene-co-maleic acid)-conjugated-folic-acid (SMA-FA) CDF nanomicelles to enhance
the targeting ability of the hydrophobic drug in the hopes of reducing the therapeutic levels
of chemotherapeutic agents, which often lead to toxicity when present at high levels. The
spherical nanomicelle had a size, PDI, Zeta potential, and EE of 193.6 & 20 nm, 0.175 £ 0.05,
-7.12 & 4 mV, and 75.98 £ 12%, respectively. The targeting formulation allowed for higher
therapeutic activity in Y79 cells, as reflected by a smaller IC50 of 1.02 £ 0.55 uM compared
to 4 & 1.64 uM for non-targeting NPs (i.e., nanomicelles without folic acid). However,
such trend was not found in WERI-RB1 cells due to their lower folate receptor expression.
Nonetheless, these targeting nanomicelles result in increased cytotoxicity due to higher
internalization of the drug. This delivery method can help address the conventional use of
high concentrations of chemotherapeutics due to poor retinal uptake of the free drug [72].
These results could perhaps be translated to natural curcumin, addressing its degradation
and bioavailability challenges. Celastrol, a Chinese herbal medicine, is a topic of interest
within nanomicelles. This bioactive component has previously shown potential in chronic
inflammatory or auto-immune diseases, as well as anti-cancer characteristics [73]. Li et al.
(2020) sought to invent a novel method of treating angiogenesis-mediated retinoblastoma
using celastrol-loaded polymeric nanomicelle (CNM) and addressing the poor water sol-
ubility of the herbal medicine. These CNMs had a spherical shape with a diameter of
48 nm, with a celastrol loading content of 7.36%, and they exhibited controlled release.
In vitro studies on chick embryo chorioallantoic membrane assays (CAM) demonstrated
positive results, inhibiting vascular formation in a concentration-dependent manner. Fol-
lowing intraperitoneal injection in xenograft mouse models with SO-RB50 cells, similar
optimal results were found. Following recurrent administration of 27.2 mg/kg CNMs
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for 16 days, significant tumor suppression was observed. The average tumor weight was
61.40 £ 20.82 mg compared to the control, while the change in body weight was omitted.
CNMs inhibit the vascular endothelial growth factor A (VEGF-A) pathway, which is critical
in angiogenesis and prevents endothelial cell migration. This novel therapeutic model
demonstrates potential in inhibiting angiogenesis-specific RB, with the opportunity to be
studied in other angiogenesis-based ocular pathologies, such as retinopathy of prematu-
rity [74]. Still on the topic of celastrol, Guo et al. (2021) set to design a redox-sensitive
nanomicelle (RSNM) for tumor-targeted celastrol delivery. Their reduction-sensitive grafted
copolymer poly[thioctic acid-grafted-poly(ethylene glycol)/(benzylamine)] nanomicelles
were spherical, with a size of 70 nm and a celastrol loading of 8.51%. RSNMs and drug
release occurred in lysosomal reduction environments. The cellular uptake in Y79 cells
in vitro was rapid and was observed just 10 min following incubation of RSNMs, with celas-
trol migration to the nuclear contents of cells within 1 h and proliferation inhibition within
4 h. The controlled release in response to tumor microenvironments is beneficial for apopto-
sis due to its time-dependent properties. Further analysis concluded that celastrol does this
through caspase-9 and caspase-3 activation within RB Y79 cells [75]. Studies comparing
these reduction-sensitive nanomicelles and the targeting properties of (SMA-FA)-CDF
could offer insights into the benefits and challenges of both enhancers. Furthermore, the
revelation of celastrol’s effect on apoptotic and VEGF-A pathways highlights its various
mechanisms of action, which can be used selectively.

Figure 3 illustrates the common methods of drug delivery, including those discussed
in this section, such as intravitreal and topical delivery.

1. Tropical route

5. Intravitreal route

-\ 2. Subconjunctival
\ route

4, Subretinal route 3. Suprachoroidal route

(microneedie)

Figure 3. Ophthalmic medication delivery routes. This illustration features five modes of delivery,
including topical, subconjunctival, suprachoroidal, subretinal, and intravitreal methods.

5. Clinical Barriers and Future Perspectives
5.1. Trends
5.1.1. Smart Release of Nanoparticle Contents

As mentioned previously, the release of nanoparticle contents can be triggered by
an environmental change, such as acidic pH within tumor cells [27,37,60]. This enables
a targeted release, diminishing the potential risk of cytotoxicity in healthy cells. Likewise,
Long et al. (2021) synthesized a green-light-responsive nanocarrier to overcome the inner
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blood-retinal barrier, which intravitreally injected drugs face (Figure 2). Clathrin-like
trigonal molecules loaded with doxorubicin had a size of 99.04 nm, with a Zeta potential,
PDI, and EE of —25.10 mV, 0.10-0.15, and 13.6%. In a constructed in vitro inner BRB model,
they compared the amount of DOX found across the endothelial monolayer from DOX-
loaded non-irradiated nanoparticles (20%) and irradiated nanoparticles (50%), highlighting
the increased extravasation following the release of DOX. This is due to DOX having
a smaller size and hydrophobicity, allowing it to cross the layer with ease compared to the
NP complex. Additionally, free drug injections in WERI-RB-1-cell-bearing mice caused
a 10% loss in body weight due to systemic toxicity, whereas this was not the case within
the nanoparticle group following intravitreal injection. This method is unique, as it benefits
from the properties of both NPs and DOX for optimal drug delivery. NPs are a vehicle for
bringing DOX closer to its site of action, avoiding its rapid elimination via the intravenous
route, until it reaches the BRB, where it is too large to cross the barrier. The drug is
then freed from its vehicle to arrive at its site of action [76]. This therapeutic element
demonstrates great potential even beyond retinoblastoma, as it can be applied to any
disease site reachable by the green light but not by NPs. Nonetheless, there remains a need
for more research studies on this subject, especially long-term toxicity follow-ups, to ensure
safety before clinical experimentations.

5.1.2. Surface Receptor Targeting Nanoparticles

It has been proven that retinoblastoma cells, among other cancerous cells, have mod-
ified physical properties and biological demands. Previous studies have synthesized
lactoferrin nanoparticles to target the enhanced LF receptors on tumor cells, including
Y79 cells. This characteristic is a result of increased iron demand in the rapidly dividing
cancerous cells [77]. Folate-coated nanoparticles targeting RB cells through their increased
folate receptors have also been widely studied, showing enhanced cellular uptake com-
pared to their unconjugated counterparts [34,72]. Combining RB cells” increased demand
for iron and folate receptors, Sadri et al. engineered a nanoparticle with dual-targeting
properties conjugated with folic acid and transferrin, which physiologically facilitates
uptake in cancer cells. These oleic acid (OA)-coated superparamagnetic iron oxide NPs
(SPIONs) were loaded with Vincristine (VCR), were spherical, and had the dimension,
Zeta potential, loading capacity, and EE of 82.1 nm, 25.0 mV, 8.7%, and 87.15%. This study
was able to highlight increased cellular uptake within Y79 RB cells compared to healthy
ARPE-19 in vitro, suggesting the positive effect of dual receptors. This was supported
by the IC50 value of the free drug (10.61) compared to that of the SPIONs (4.87) in Y79
cells [78]. However, there is a lack of direct comparison between mono-targeting NPs and
dual-targeting NPs to illustrate the extent of their benefits. Finally, RB cells are known to
express sugar receptors, with special affinity for galactose and mannose [79]. Although
many studies have demonstrated positive effects in terms of the uptake and cytotoxicity of
sugar-modified NPs, potential research comparing folate, sugar, and LF receptors can allow
for a better understanding of their unique properties. In summary, these various targeting
receptors all demonstrated optimistic results in cancerous cell targeting, which in turn
increased cellular uptake and cytotoxicity while minimizing toxicity to other untargeted
cells due to lower affinity.

5.1.3. Multi-Functional Nanoparticles

Similar to a combination therapy—where systemic chemotherapy in addition to fo-
cal therapy is used to treat retinoblastoma—a nanoparticle can be engineered to have
more than one mechanism of action at a tumor site. For example, Zou et al. (2022) ex-
perimented with tuftsin-loaded carbonized metal-organic framework (CMT) NPs with
a Zeta potential of —12.1 mV and a size of 303.1 & 48.53 nm. These CMT NPs were su-
perparamagnetic in nature following carbonization, enabling tumor targeting under a
magnetic field. This is different from the receptor targeting discussed previously, which
is mainly used to bring the drug to its site of action and could present an alternative to
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complex environments lacking target-specific receptors. These NPs showed adequate
and stable thermal conversion (27.08%), allowing for photothermal therapy (PTT). The
loading of tuftsin enabled immunotherapeutic effects by inducing macrophage typing.
The subsequent laser irradiation of CMT NPs allowed for tuftsin stimulation of in vitro
macrophages close to the level of free-drug-treated cells. This was reflected by the high
levels of positive CD16/32 cells (33.13 £ 0.23%) in the CMT NP group. In vivo inocula-
tion of tumor-bearing mice highlighted the synergistic effect of PTT and immunotherapy
compared to laser alone or a combination of laser and NPs in the absence of tuftsin. Laser
and CMT NPs combined allowed for a gradual decrease in tumor size and resulted in the
highest rate of volume suppression, illustrated by their low and gradually decreasing rela-
tive tumor volume curve in relation to their counterparts. In addition, CMT NPs enabled
easy follow-up of treatment efficiency by acting as excellent dual-modal imaging contracts
for photoacoustic (PA) and T2-weighted MRI imaging, with the PA signal peaking at4 h
in the tumor region and remaining in the tumor-bearing mouse models of Y79 for up to
24 h. In short, these nanoparticles are multi-functional, with both therapeutic and imaging
properties [80]. Analogously, Zheng et al. (2022) demonstrated the benefits of selective-
loading NPs with dual-function elements, allowing for a nanoparticle capable of synergistic
PDT and PTT effects with ultrasound (US)/PA/MRI imaging potential while simultane-
ously enhancing cellular uptake due to dual-targeting surface receptors. Folate/ magnetic
dual-target cationic nanoliposomes with a size of 338.63 & 10.90 nm and Zeta potential of
31.86 £ 3.49 mV were loaded with indocyanine green (ICG), perfluorohexane (PFH), and
Fe30;. In vitro studies on Y79 cells comparing mono- and dual-target NPs highlighted that
dual-target NPs reached saturation first at 3 h compared to the other groups, which reached
saturation of less than 50% by the same time. Importantly, ICG can display both PTT and
PDT effects upon stimulation from the same laser, although its PDT effect is mild due to
the hypoxic environment of tumors. The incorporation of PFH, which increases O in the
hypoxic environment, enhanced the effect of PDT, a therapy dependent on the presence of
oxygen. ROS produced by NPs containing PFH was 6.15 times higher than that produced
by NPs in the absence of PFH. Furthermore, the in vivo performance of these nanoparticles
in Y79-bearing mice showed the most optimal anti-cancer effect (p < 0.0001), as the presence
of PFH allowed for the synergistic effect of PTT and PDT [81]. Mudigunda et al. (2022)
created Palbociclib (PCB) and near-infrared (NIR)-dye-loaded hybrid (PLGA and PCL)
polymeric NPs (PNPs) for the combined PCB and PTT effect. The NPs had a size of
176 + 43.8, PDI of 0.240, and EE of 80 and 81.5 for PCB and IR, respectively. The
in vitro effects on Y79 cells were optimistic, where PCB-IR-PNPs demonstrated the high-
est inhibitory activity, with 86.5 4= 2.3% cell death compared to free PCB and IR groups
(62.5 £ 0.4 and 54.8 + 6.9% viable cells). Finally, no acute (14 days) toxicity was doc-
umented [82]. Wu et al. (2018) utilized laser irradiation as a means of triggering gene
transfection, and taking advantage of the targeting properties of FA, they built FA-surface-
modified, PFP-, ICG-loaded, and plasmid-DNA-carrying LNPs with laser activation of
gene therapy and imaging properties. They had a diameter, Zeta potential, and ICG EE of
328.4 £5.5nm, 35.3 £ 1.9 mV, and 92.1 & 1.3%. The cationic property of NPs allowed for
enhanced plasmid binding of 22.7 £ 0.1 pg compared to 1.4 &= 0.4 ug in neutral NPs. The
enhancement of gene transfection is believed to result from laser-mediated liquid-to-gas
transition of the NPs, causing a cavitation effect and increased cellular permeability. In both
in vitro (Y79) and in vivo (Y79) studies, FA-modified cationic LNPs exhibited enhanced
therapeutic effects compared to FA-absent or neutral LNPs. In vivo PA imaging was supe-
rior in FA-conjugated cationic LNPs at all time points. At 12 h following injection, all PA
values decreased, with FA-conjugated LNPs remaining the highest, slightly below 3 a.u.
Finally, it is important to note that the in vivo studies were performed on nude mice with
right hind limb subcutaneously implanted tumors, which does not reflect the microenviron-
ment and physiological properties of the eye [83]. Compared to the previously discussed
experiments, natural elements, such as Moringa oleifera (MO), display similar synergistic
potential in PTT and cytotoxic effects, with potential in photoacoustic imaging due to the
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fluorescent properties of chlorophyll derivatives within MO. Indeed, Mudigunda et al.
(2023) prepared MO and IR encapsulated PCL NPs, which were spherical, cationic, and
160-220 nm in size. PPT induced cytotoxicity in Y79 cells in vitro, causing cell death of
50% in the IR group in the absence of MO compared to 80% in the IR+MO group following
light induction [84]. Finally, Wang et al. (2020) identified NPs with low intensity focused
ultrasound therapy (LIFU), imaging, and immunotherapy potential using muramyl dipep-
tide (MDP) and perfluorobutane (PFP) encapsulated in magnetic hollow mesoporous gold
nanocages conjugated with iron oxide NPs (AuNC—Fe;0,/MDP/PFP NPs). The former
is an immunomodulator, and the latter provides an ultrasound contrast and synergistic
effect with the presence of LIFU. They had a size of 159.3 nm, Zeta potential of —15.8 mV,
and EE of 82.60 £ 2.07 and 27.11 4 1.20 for MDP and Fe3Oj, respectively. These NPs
were found to release MDP rapidly following LIFU irradiation and activated dendritic
cells (DCs). Moreover, the NPs were safe and had no toxic effect on the ARPE-19 or Y79
cells in the absence of LIFU at concentrations as high as 400 ug/mL. In vitro cytotoxic
studies of LIFU indicated that the presence of PFP is integral to high treatment efficacy due
to its role in acoustic energy aggregation following liquid—gas transition. In vivo testing
on Y79-subcutaneous-flank-tumor-bearing mice highlighted the superiority of LIFU and
AuNC—Fe;04/MDP/PFP NPs, as they resulted in the highest apoptotic index and lowest
proliferative index compared to their counterparts. Weight, hematoxylin and eosin (H&E)
stain hematology parameters, and blood chemistry failed to detect toxicity [85]. There
exist numerous approaches to achieving certain additional functions of NPs—for example,
imaging using biological MO, CMT NPs, or ICG. Despite the increasing multi-functionality
of NPs, with these complex combinations comes the risk of consequential interactions and
potential toxicity to adjacent organs.

5.2. Barriers of Nanoparticles in Retinoblastoma
5.2.1. Long-Term Toxicity and Lack of Clinical Studies

Most studies on NPs in retinoblastoma have shown the absence of toxicity within
nanoparticle-treated RB cells or tumors despite enhanced therapeutic effects. Histology was
the main modality in evaluating toxicity in mouse models, with most reflecting impeccable
retinas [56]. Mice were also weighed for potential signs of toxicity, identifying an absence of
general weight loss [74,76,82]. Despite this, there is a lack of long-term follow-up for signs
of toxicity. In fact, most studies only verify the absence of acute toxicity, which is observed
for a few days to weeks. For example, two studies measured weight, blood samples,
biochemistry tests, and H&E staining up to 14 days after injection of nanoparticles, but they
were not followed up thereafter [85,86]. In vitro studies have also reported findings of an
accumulation of CMT NPs and LNPs in the liver and spleen of tumor-bearing mice through
fluorescence analysis, although this is hypothesized to be a normal physiological process
of NP phagocytosis via the reticuloendothelial system present in both organs [80,87]. This
uncertainty perhaps plays a part in hindering the advancement in RB NP research. Indeed,
most studies were either performed in vitro on Y79 cells or in vivo in xenografted animal
models, with some of the inoculated tumors inoculated in areas other than the eye, moving
away from the ideal microenvironment. Long-term in vitro and in vivo follow-up will
significantly solidify our understanding of the effects of these novel therapeutics before
moving to clinical studies with RB patients.

5.2.2. Exploration of Common Variables

The engineering of unique nanoparticles requires choosing the type of NP, conjugation,
loading, embedding, and synthesis method, making the possibility of combinations endless.
As mentioned previously, Delrish et al. (2022) demonstrated the impact of a molecular
change on the nanoparticle’s overall function. Comparing TC (11 £ 2.27 mV) and TMC
NPs (29 + 4.31 mV), TMC NPs were unable to cross the vitreous to the retina due to the
methylation of chitosan and overall positive charge, supporting the hypothesis that surface
charge is the limiting factor relating to intravitreal injections reaching their designated site
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of action [55]. With emerging multi-functional NPs, an additional selection of elements
with unique properties is added, such as near-infrared (NIR) and MDP for photothermal
and immune properties, respectively. The multiple variables playing a role in the synthesis
of NPs warrant the development of unique nanoparticles. In return, the focus can easily
be weighted toward novel research rather than supporting research, which improves our
understanding of already designed nanoparticles and the potential for enhancing their
properties. Figure 4 illustrates the ideal properties of a NP for drug delivery [88].

‘ (9) Cost effectiveness

(1) Uniform nano-size
distribution

|

‘ (8) Ease of upscaling ¥ = w
to bulk manufacturing | /\ \ @
I 7 &y
I" -2 o
- Id eal ﬁg Nacl (salts)
[ ]

Properties of e
. &) ~ Nanoparticles %
(7) Controlled cellular \&) [ Y
uptake and improved — o= vf.' )’ (3) High payload |
pharm:fefzgnamic : I _1:“»,’ ., ;\\ capacity
e °

{(_\Jll\ \/. .

8/ -
L e (4) Advanced
L 7 ?‘f -

(5) Biodegradability and
high biocompatibility

’ (6) Controlled release ‘

Figure 4. Ideal characteristics of nanostructures as drug delivery systems.

5.3. Future Perspectives

Oncolytic virus (OV) therapy is an emerging method of therapeutics consisting of
modifying viruses and transfecting them into tumor cells, with some directly killing the
cell while others being able to trigger the host’s immune system to fight the cancerous
cells, with the potential of treating chemoresistant RB. Popular OVs include herpes virus
and adenovirus [89]. Pascual-Pasto (2019) et al. studied the oncolytic adenovirus VCN-01
in targeting chemoresistant RB. This OV targets the altered RB1-E2F pathway causing
cancerous cells to dysregulate the cell cycle, leading to uncontrolled proliferation. Through
intravitreal injections in mouse Y79 xenograft models, this method induced tumor necrosis
and ocular survival and increasing survival following a single intravitreal dose (p = 0.0002).
Despite this, 2 out of 12 treated mice had detectable viral genome in the plasma 4 h after
injection and in the brain tissue. Low systemic dissemination in the liver of rabbit models at
day 3 was also observed. Clinical studies on two patients with RB, which was chemo- and
radiotherapy-resistant, demonstrated intravitreal inflammation, leading to one participant
undergoing enucleation. The second patient demonstrated anti-tumor response, with
a reduction in the size and amount of tumoral vitreous seeds, although the size of retinal
tumor remained unchanged [90]. Targeting nanoparticles may be able to improve the ther-
apeutic capacity of these OVs and diminish systemic complications, bridging the barrier
between OV and RB therapy. Likewise, gene therapy is an emerging therapeutic modality,
although the delivery of vectors remains a barrier due to the negative charge, high molecular
weight, and hydrophilicity of non-viral vectors in particular [91]. Therefore, Gao et al. (2023)
developed an eye drop containing polyamidoamine (PAMAM)—a polyplex—embedded
with small interference RNA (siRNA) to achieve gene silencing in orthotopic WERI-RB-1
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nude mouse models and overcome the challenges of vector delivery to the posterior seg-
ment of the eye. Q8W and N9W-penetratin (§89WP)—an absorption enhancer—were added
to enhance the efficacy of topical delivery. The spherical particles were 200 nm in size,
with a Zeta potential of 30 mV. In vitro experimentation on ARPE-19 and WERI-RB-1 cells
highlighted the difficult internalization of free siRNA due to its high molecular weight
and other characteristics. Use of PAMAM as a vehicle allowed for 3% and 20% uptake
by both cell lines, respectively. The addition of 89WP increased the uptake in WERI-RB-1
cells by 90%. In vivo studies showed similar trends, namely that the polyplex reached the
retina 2 h after treatment and remained there for 6 h, spotlighting the benefit of 89WP PA-
MAM in ocular delivery of non-viral vectors [92]. Their findings pave the way for analysis
of various types of nanoparticles (e.g., gold, iron, mesoporous silica NPs) for delivering
gene therapy to find appropriate NPs, which can effectively package, load, and compress
siRNA [93]. Specifically, nucleic-acid-based NPs are also a point of discussion. Although
not explored extensively in retinoblastoma, Wang et al. (2024) recently experimented with
spherical nucleic acid (SNA) NPs to deliver siRNA. These SNA NPs with a dense DNA
shell contain aptamers, targeting disialoganglioside (GD2) positive RB cells, and are loaded
with siRNA and the inhibitor NVP-CGMO097. These structures were 20 nm in diameter,
and their loading efficiency ranged from 38.09 to 39.76%. The SNA NPs were also stable at
room temperature for over 72 h. The in vitro binding capacity in Y79 and WERI-RB-1 cells
was 89.2 and 87.4%, and the synergistic effect of siRNA targeting mouse double minute
2 homolog (MDM2)-mRNA transcription and NVP-CGM(97 targeting MDM2 resulted
in an inhibitory effect of 80.76% in Y79 cells, which was less than melphalan at 90.37%.
However, in vivo studies on Y79 and WERI-RB-1 xenograft nude mouse models demon-
strated that the SNA NPs caused less retinal damage than melphalan. Retinal thickness was
noticeably reduced by melphalan, and the thickness only recovered on day 21 compared to
a milder reduction and rapid recovery on day 14 in the SNA NP groups [94]. Compared to
siRNA, DNA therapeutic agents are more stable and have a higher degradation resistance,
making them potential candidates for RB treatment [95]. On the topic of nucleic acid NPs,
Hu et al. (2024) developed aptamer-modified manganese dioxide (MnO;) nanosponge
cores (hMNSs), absorbing two DN Azyme agents. Aptamer was added for targeting proper-
ties toward nucleolin-overexpressed RB, shown by the increased uptake of the NPs in Y79
cells in vitro compared to healthy APRE-19 cells. The NPs were spherical, with a diameter
of 200 nm and Zeta potential of —17.50 &= 2.00 mV. In vivo injection into Y79 xenograft nude
mouse tumors illustrated the enhanced effect of aptamer. On day 14, the tumor volume of
aptamer-modified NPs was 210.80 & 17.84 mm? compared to 338.68 + 58.17 mm? in the
NP group without aptamer and 565.95 + 47.63 mm? in the control group [96]. To conclude,
there is potential for DNA in aiding the construction of nanoparticles and for DNAzyme
therapy, but there remains a need for concrete experiments evaluating the aforementioned
DNA and siRNA. Additionally, our understanding of the role of DNA in engineering NPs
for retinoblastoma remains unclear, with few studies focusing on its potential effect.

Moving away from therapeutics, the conventional monitoring of disease consists of
a mix of fundus and histological examinations, and imaging, among others, which are
limited by cost and resources. Liu et al. synthesized NPs using trisodium citrate dihydrate
and ferric chloride hexahydrate for an RB monitoring platform via machine learning of
aqueous humor metabolic fingerprinting using NP-enhanced laser desorption/ionization,
demonstrating the potential of NPs beyond therapeutic application in retinoblastoma [97].

Table 2 summarizes the characteristics, features, and stage of research of the nanopar-
ticles discussed in Sections 4 and 5.
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6. Conclusions

This review highlights the significant challenges in treating pediatric retinoblastoma
and the emerging potential of nanotechnology in revolutionizing ocular drug delivery.
Retinoblastoma, a leading intraocular cancer in children, presents challenges, such as
anatomical barriers, drug instability, the risk of secondary tumors, and systemic toxicity
from conventional treatments, such as chemotherapy and radiotherapy. Nanosystems,
including gold, mesoporous silica, polymeric, and lipid nanoparticles, offer promising
in vitro and in vivo solutions in animal models. Through these studies, it is clear that in
order to target RB cells, the nanoparticles need to be small in size, stable, with a high drug
loading capacity, and non-toxic to non-cancerous cells. Some of the studies discussed have
also highlighted the preferential cationic property of NPs in favoring movement along the
vitreous environment; this is particularly important in the context of retinoblastoma, as
the most effective site of action is found behind the vitreous. Moreover, it is beneficial for
these nanoparticles to be highly modifiable, allowing for targeted delivery. This can be
achieved in many ways, including NP surface receptors targeting upregulated elements
within tumor cells or pH sensitivity to tumor microenvironment. Although the addition
of functional elements to a NP, such as PTT and imaging, can be beneficial, they are not
necessary at the moment. Focusing on engineering simple mono-functional nanoparticles
with the goal of treating retinoblastoma, enhancing current in vivo models to simulate the
microenvironment of the eye, allowing long-term toxicity follow-ups, and then undergoing
clinical trials to further their advancement are the next steps in the near future.

Despite its potential, the application of nanotechnology in treating retinoblastoma is
still in its early stages, with hurdles such as long-term toxicity and limited clinical data. Fu-
ture research is crucial to overcoming these barriers, improving simple nanoparticle design,
and advancement toward clinical trials. By addressing these challenges, nanotechnology
holds the promise of transforming retinoblastoma treatment, enhancing patient outcomes,
and preserving vision with minimal adverse effects.
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Abstract: Calcium phosphate is the main inorganic component of bone. Calcium phosphate-based
biomaterials have demonstrated great potential in bone tissue engineering due to their superior
biocompatibility, pH-responsive degradability, excellent osteoinductivity, and similar components to
bone. Calcium phosphate nanomaterials have gained more and more attention for their enhanced
bioactivity and better integration with host tissues. Additionally, they can also be easily functionalized
with metal ions, bioactive molecules/proteins, as well as therapeutic drugs; thus, calcium phosphate-
based biomaterials have been widely used in many other fields, such as drug delivery, cancer
therapy, and as nanoprobes in bioimaging. Thus, the preparation methods of calcium phosphate
nanomaterials were systematically reviewed, and the multifunction strategies of calcium phosphate-
based biomaterials have also been comprehensively summarized. Finally, the applications and
perspectives of functionalized calcium phosphate biomaterials in bone tissue engineering, including
bone defect repair, bone regeneration, and drug delivery, were illustrated and discussed by presenting
typical examples.

Keywords: calcium phosphate; nanomaterials; bone tissue engineering; multifunction; drug
delivery; bioimaging

1. Introduction

Nowadays, over two million bone grafts are needed for bone defects [1,2], which are
caused by trauma, infection, and tumors, since the size of the defect is far larger than the
self-healing capability of bone tissue. Autologous bone grafts are still considered the gold
standard to achieve bone defect repair [3,4]. Allografts also show excellent bioactivity, but
the drawbacks are still obvious, including possible disease transmission, immune rejection,
second injury, and donor site morbidity [5]. Thus, various bone substitutes have been made
to solve the limitation of bone repair caused by the autologous bone, such as inorganic
implants or organic implants. Usually, inorganic implants used for bone defects tend to
be peri-implantitis [6], be non-degradable [7], and lack osteoinductivity [8], which bring
about the continuous inhibition of bone regeneration and cause the absence of strong and
effective mechanical support from newborn bone. Thus, patients may suffer a lot from
default treatment.

Bone tissue engineering is a promising approach for the regeneration and repair of
damaged bone tissues. Biomaterial-based approaches have emerged as an alternative to
these traditional methods. Biomaterials can provide a scaffold for cell adhesion, prolif-
eration, and differentiation, and they can also release growth factors and other bioactive
molecules to promote bone regeneration. Biomaterials used for bone tissue engineering
should have properties such as biocompatibility, biodegradability, osteoconductivity, and
osteoinductivity. Biomaterials can be classified into the following four categories based on
their composition: calcium phosphate-based biomaterials, metallic biomaterials, polymeric
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biomaterials, and composite biomaterials. Among these, calcium phosphate-based bioma-
terials have received the most attention due to their excellent biocompatibility, bioactivity,
and similarity to the mineral component of bone [9,10].

Compared to conventional calcium phosphate-based graft materials, calcium phos-
phate nanomaterials offer several distinct advantages and show unique properties for bone
tissue engineering, including enhanced bioactivity, tailored physical and chemical proper-
ties, controlled drug delivery, better integration with host tissue, and ease of fabrication
and scalability. Specifically, these biomaterials have a high surface area to volume ratio,
which provides more space for cell adhesion and proliferation and also promotes cell differ-
entiation [11,12], as well as loading more therapeutic ingredients [13,14]. Additionally, the
nano-sized particles can enhance the mechanical properties and show a profile of controlled
drug release.

Thus, calcium phosphate nanomaterials have attracted more and more attention, and
various preparation strategies have been developed to satisfy clinical requirements. The
preparation methods include wet chemical precipitation, solvothermal synthesis, the sol-
gel method, microwave-assisted method, sonochemical synthesis, the enzyme-assisted
method, as well as spray drying and electrospinning. Among these, the precipitation
method is the most commonly used method for the preparation of nano-calcium phosphate-
based biomaterials, while the other methods also have their advantages, which are further
discussed in the following section.

Furthermore, calcium phosphate-based nanomaterials can be tailored by adjusting
their size, shape, and surface chemistry. Functionalized calcium phosphates are endowed
with osteogenic properties, angiogenic properties, antimicrobial properties, bioimaging
capabilities, and so on. Herein, calcium phosphate-based nanomaterials showed great
potential in bone regeneration, antitumor therapy, and drug delivery. Thus, the review is
intended to give a comprehensive summary of the preparation, multifunctionality, and
application of nano calcium phosphate-based biomaterials for bone tissue engineering,
and it also addresses the attention of readers and provides inspiration for the design of
bioactive materials for bone tissue engineering.

2. Synthesis Strategies for Calcium Phosphate-Based Nanomaterials

Recently, lots of synthesis methods have been developed to prepare calcium phosphate
nanomaterials, such as wet chemical precipitation, solvothermal synthesis, the sol-gel
method, the microwave-assisted method, sonochemical synthesis, the enzyme-assisted
method, as well as spray drying and electrospinning. This section gives a thorough
introduction of the above-mentioned synthesis methods due to their unique advantages
for the fabrication of calcium phosphate-based nanomaterials.

2.1. Wet Chemical Precipitation

Wet chemical precipitation is thought to be the simplest method to prepare calcium
phosphate nanomaterials, including amorphous calcium phosphate, which is the first solid
phases of calcium phosphate, as well as hydroxyapatite, by providing mixed aqueous
solutions of calcium ions and phosphate ions. As shown in Figure 1, the preparation of
calcium phosphate-based nanomaterials usually involves the dispersion of the starting
materials, typically calcium and phosphate precursors, in an aqueous solution, followed by
a reaction between them to form a precipitate. The reaction is typically carried out under
controlled conditions, such as fixed pH values and reaction times, to obtain the desired
properties of the final biomaterials. After the reaction, the precipitate is washed with water
or other solvents to remove impurities and obtain the final compound. The specific method
used for the preparation of calcium phosphate-based nanomaterials may vary depending
on the desired properties and application of the biomaterials.

The wet chemical precipitation method is a relatively simple and widely used method
for the preparation of calcium phosphate-based nanomaterials [1]. However, there are
some limitations and drawbacks to this method. For instance, the reaction time required
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for the precipitation process can be quite long, which may result in an incomplete reaction
or the formation of impurities [15]. In addition, the resulting compound may not have
optimal properties or functionality for certain applications. To overcome these limitations,
researchers have explored various modification strategies. For example, the addition of
dopants such as magnesium, cerium, and silicon can improve the functionality of the
resulting biomaterials [16]. Surfactants, polymers, proteins, and bioactive molecules have
been used to regulate the formation of CaP nanomaterials to regulate their components
and phase. For example, in the presence of special medium, mimicking the situation of
biomineralization in vivo, proteins and calcium ions can generate a kind of nanoparticle,
which leads to a sustained release profile and increased bioactivity [17]. Additionally,
microwaves and ultrasounds have also been introduced to improve reaction efficiency.

Moreover, precursor concentration, pH value, reaction temperature, mixing and stir-
ring, and solvent influence the structure, morphology, and properties of nano calcium
phosphate obtained through wet chemical precipitation [18,19]. Higher precursor con-
centrations can lead to larger particle sizes and increased crystallinity, while lower con-
centrations may result in smaller and more amorphous particles [20]. The optimization
of precursor concentrations helps to achieve desired particle properties. The pH value
of the reaction solution influences the solubility of calcium and phosphate ions and also
affects the precipitation kinetics. Varying the pH can lead to different crystalline phases
and morphologies of calcium phosphate nanoparticles, and it can also affect the subsequent
implications for bioactivity and biocompatibility [21]. Higher temperatures during the
precipitation process generally promote faster crystal growth, leading to larger particles
with enhanced crystallinity. Conversely, lower temperatures tend to favor the formation of
amorphous or poorly crystalline particles [22]. The method and intensity of mixing or stir-
ring have an impact on particle size distribution, agglomeration, and homogeneity. Proper
mixing promotes the uniform dispersion of precursors, resulting in more homogeneous
nanoparticles. The solvent being in wet chemical precipitation can also affect the reaction
kinetics [23], solubility of precursors, and crystal growth.

Overall, though the wet chemical precipitation method has its limitations, it remains
an important and widely used method for the preparation of calcium phosphate-based
nanomaterials. Researchers continue to explore and optimize this synthesis method to
enrich the functionality of CaP nanomaterials for bone tissue engineering.
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Figure 1. Schematic representation of wet chemical precipitation for the preparation of calcium
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phosphate-based biomaterial. Reprinted with permission from Ref. [24], Copyright 2019, American
Chemical Society (Washington, DC, USA).

2.2. Solvothermal Synthesis

The solvothermal synthesis method is a variation of the hydrothermal method, where
organic solvents are used instead of water. This method allows for the use of higher
temperatures and pressures, which can increase the solubility of the reactants and promote
more rapid reaction rates (Figure 2) [25,26].
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In a typical solvothermal synthesis procedure, the starting materials are mixed in
a solvent using magnetic stirring. The mixture is then loaded into a sealed container,
such as an autoclave, and heated to a high temperature for a fixed period of time. The
pressure inside the container is also increased, which can further enhance the solubility
of the reactants and accelerate the reaction. After the reaction is complete, the resulting
product is typically washed with water or alcohol to remove any impurities or residual
reactants. Finally, the product is vacuum-dried to remove any remaining solvent, and
the final product can be obtained. Temperature and pressure, reaction time, precursor
concentration, solvent, additives, and catalysts influence the structure, morphology, and
properties of nano calcium phosphate obtained through solvothermal synthesis. Solvother-
mal synthesis involves heating the reaction mixture at elevated temperatures and pressures
within a sealed autoclave. Temperature and pressure conditions have a significant effect
on crystal growth, phase formation, and particle size distribution. Higher temperatures
and pressures generally promote faster crystal growth, resulting in larger particles with
enhanced crystallinity [27]. Longer reaction times allow for more extensive crystal growth,
leading to larger particles, while prolonged reaction times may also result in increased
agglomeration or phase transformation [28]. Higher precursor concentrations can lead
to the formation of larger particles with increased crystallinity, but at excessively high
concentrations, particle agglomeration may occur [29]. Different solvents have varying
solubility properties, which affect the precursor dissolution and subsequent precipitation
processes. Additional additives or catalysts can also be introduced in solvothermal synthe-
sis to modify the particle characteristics [30]. For example, surfactants or templates can be
employed to control particle size or morphology. Catalytic agents may be used to enhance
the reaction rate or promote specific crystal phases.

The solvothermal synthesis method has been used to prepare a variety of calcium
phosphate-based nanoparticles with controlled size, morphology, and composition. This
method allows for greater control over the reaction conditions and can result in the pro-
duction of biomaterials with improved properties and functionality compared to those
obtained by other methods [31]. One of the main benefits of the solvothermal synthesis
method is its ability to dissolve almost any material in the solvent, which can be heated and
pressurized to its melting point. This allows for the synthesis of highly ordered nanostruc-
tures with controlled size, morphology, and composition. For example, the solvothermal
method has been used to synthesize highly ordered arrays of microtubes made from a
calcium chloride (CaCl,) powder precursor, which can form a block of three-dimensional
structure. In addition, the solvothermal method has also been used to transform unstable
di-tert-butyl phosphate into a stable precursor for calcium phosphate ceramic biomaterials
using different calcium sources [32].

However, the solvothermal method does have some challenges; one of the major
weaknesses is the difficulty in controlling the morphology and structure of the resulting
nanostructures. This is due to multiple variables, such as the type, volume ratio, and con-
centration of the starting materials, as well as the reaction conditions, such as temperature
and pressure [33]. Furthermore, the use of organic solvents can also pose some challenges,
such as the need for appropriate safety precautions and the potential for toxicity [34].
Despite these challenges, the solvothermal method remains an important technique for the
synthesis of CaP nanoparticles with tailored properties and functionality for bone tissue
engineering and other applications.

2.3. Sol-Gel Method

As shown in Figure 3, the sol-gel method is another wet-chemical method for the
synthesis of calcium phosphate-based nanoparticles. It is a relatively new procedure that
does not require high temperature to help the compound reaction [35]. The sol-gel method
typically involves several stages, including hydrolysis and polycondensation, gelation,
drying, and crystallization. In the first step, inorganic materials, such as chlorides, nitrates,
and sulfides, or metal alkoxides are dissolved in an acidic or alkaline solution and are stirred
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for a long time to obtain precursors. Metal alkoxides are then added to the precursors for
polymerization, which leads to the development of a gel. Finally, the gel is converted into
solid materials by freeze-drying or drying with high temperature [36,37] and can be used
for coating scaffolds without any other drying.
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Figure 2. Schematic representation of solvothermal synthesis for the preparation of calcium
phosphate-based biomaterial. Reprinted with permission from Ref. [31], Copyright 2016, Royal
Society of Chemistry (London, UK).
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Figure 3. Schematic representation of the classical sol-gel procedure for the preparation of calcium
phosphate-based bio-material. Reprinted with permission from Ref. [35], Copyright 2020, Elsevier
(Amsterdam, The Netherlands).
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Precursor composition, pH and solvent, hydrolysis and condensation ratios, drying
methods, and annealing and heat treatment contribute to the regulation of the structure,
morphology, and properties of nano calcium phosphate obtained through the sol-gel
method [38]. Different precursors, such as inorganic salts or alkoxides, can lead to variations
in the stoichiometry, crystallinity, and phase composition of the nanoparticles [39]. Varying
the pH can affect the hydrolysis and condensation reactions, which, in turn, influence
the particle size, surface charge, and morphology. The hydrolysis of the precursor and
polycondensation of the resolved chemical products are the most significant steps in this
synthesis [40]. Through this process, a wide range of diameters of nanoparticles can be
synthesized by varying the ratio of materials [41]. These steps also affect the features of the
final composites, such as specific surface area and microporosity, which can be influenced
by using different reagents, various ratios of raw materials, or different temperature
ranges [36,42,43]. Different drying techniques, such as freeze-drying or high-temperature
drying, can lead to variations in the particle size distribution, agglomeration, and phase
composition. Annealing can induce phase transformations, crystal growth, and improved
crystallinity. The temperature and duration of heat treatment can be optimized to achieve
desired properties, such as enhanced crystallinity, improved stability, and controlled release

behavior.

Though there are still big challenges, the sol-gel method is still widely used due to its
ability to produce CaP nanomaterials with high purity, good crystallinity, and controllable
morphologies, making it suitable for various biomedical applications, including bone

tissue engineering.

2.4. Microwave-Assisted Method

Microwave-assisted synthesis is a method of heating and accelerating the chemical
reaction between materials to obtain CaP particles [44,45]. As shown in Figure 4 [45], the
process involves dissolving soluble materials in a solvent, adjusting the pH value of the
mixture, subjecting the mixture to microwave irradiation at a fixed temperature and time,
and finally isolating the product through centrifugation, cleaning, and drying [46,47].
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Figure 4. Schematic representation of the microwave-assisted procedure for the preparation of calcium

phosphate-based biomaterials. Reprinted with permission from Ref. [45], Copyright 2020, Elsevier.
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Power and duration, solvent and pH, precursor concentration and ratio, additives
and surfactants, and cooling rate influence the formation of CaP nanoparticles [48]. Higher
power and longer durations can lead to increased heating and higher reaction tempera-
tures, affecting the nucleation, growth, and crystallinity of the nano calcium phosphate
particles [49]. Different solvents and pH conditions can affect the particle size, morphology,
and phase composition of the nano calcium phosphate [17]. Varying the precursor con-
centrations and ratios can affect the nucleation and growth kinetics, leading to variations
in particle size, crystallinity, and surface properties [50]. These additives can act as nucle-
ation promoters, growth modifiers, or surface modifiers, resulting in controlled particle
formation, improved dispersibility, and enhanced stability. Rapid cooling can lead to the
formation of amorphous or partially crystalline phases, while slower cooling rates may
promote the growth of larger crystals [51]. The cooling rate can influence the phase com-
position, crystallinity, and surface properties of the synthesized nanoparticles. Thus, the
structure, morphology, phase, as well as particle size can be regulated via the parameters.

Microwave-assisted synthesis has some advantages, such as high energy efficiency,
shorter synthesis time, as well as consuming few samples [39], which make it a promising
method for the laboratory. However, the high heat generated can also lead to some
disadvantages, such as the deterioration of the sample constituents and the high cost of
industry-level equipment maintenance. It is important to consider both the advantages
and disadvantages of this method before using it in research or industrial applications.

2.5. Sonochemical Synthesis

As shown in Figure 5, sonochemical synthesis has the potential to offer several ad-
vantages over other synthesis methods, such as being safer and more environmentally
friendly, as it does not require the use of toxic solvents [52]. This method also has the
advantage of the reduction in reaction time, the ability to control particle size, and the
production of highly homogeneous materials. The method can also be carried out at rel-
atively low temperatures and does not require high-pressure conditions, which reduces
the energy consumption and cost of the process. Additionally, sonochemistry can be used
to modify the surface properties of materials, such as increasing their porosity, improving
their biocompatibility, and enhancing their drug delivery capabilities. Additionally, the
cavitation effect can lead to smaller and more uniform particle size, which can increase the
protein absorption of the nanoparticles [53]. Herein, ultrasonic power and frequency, [54]
reactant concentration, [55] pH and temperature, the addition of surfactants and additives,
and reaction time [56] all influence the formation of calcium phosphate nanoparticles via
sonochemical synthesis.

Further research is needed to fully understand the effects of sonochemical synthesis
on the properties of calcium phosphate-based nanoparticles, including their crystallinity
and morphology [56]. With continued exploration and the refinement of this method, it
may prove to be a valuable approach for the synthesis of high-quality calcium phosphate-
based materials with a wide range of potential applications. The main disadvantage of
sonochemistry is that it is difficult to scale up to industrial-level production due to the
limitations of the equipment and the variability in the cavitation effect.

2.6. Enzyme-Assisted Method

There is also research that shows that calcium phosphate-based nanoparticles, ob-
tained in the enzymatic approach, have strong bioactivity in vivo/vitro experiments due to
functional enzymes in promoting biomineralization [57]. As shown in Figure 6, Jiang et al.
developed bioactive minerals via the enzymatic reaction based on the use of alkaline phos-
phatase (ALP) to catalyze the hydrolysis of ATP molecules and the release of phosphate
ions combined with the unconstrained calcium ions in the precursor solutions. Thereafter,
the organic-inorganic composites containing amorphous calcium phosphate, ATP, ADP,
and AMP were obtained, and the composites showed superior biocompatibility, enhanced
osteogenic differentiation, and reduced repair time for bone regeneration [58]. Additionally,
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the control of rate of deposition and final coating morphology can be reached by adjusting
the value of the pH, the concentration of the enzyme, the ratio of calcium and phosphate
ions, and the time of reaction [59].
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Figure 5. Schematic representation of the sonochemical synthesis for the preparation of calcium
phosphate-based biomaterials. Reprinted with permission from Ref. [52], Copyright 2018, Nature
Publishing Group (Berlin, Germany).
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inorganic nanocomposites. Reprinted with permission from Ref. [58], Copyright 2018, Wiley
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Enzymatic methods offer several advantages in the synthesis of calcium phosphate-
based biomaterials. Firstly, they are mild and environmentally friendly because the reaction
is performed under mild conditions without the use of harsh chemicals or high tempera-
tures [60]. Secondly, the obtained materials are usually of highly purity, which is essential
for their biological activity. Thirdly, enzymatic methods have the potential to mimic the
biomineralization processes that occur in living organisms, leading to the synthesis of
biomaterials with unique properties that are not possible to achieve via other methods [57].
The enzymatic synthesis method also has some drawbacks. The enzymatic reaction is often
slow and requires longer reaction times than other methods. Additionally, the enzyme
used in the process can be expensive and can affect the final product yield.

2.7. Spray Drying and Electrospinning

Spray drying and electrospinning are two other methods used for the preparation
of calcium phosphate nanomaterials. In the spray drying method, a solution containing
the calcium and phosphate precursors is sprayed into a hot air stream, resulting in the
formation of nanoparticles. In addition, the spray process can also be applied to the
preparation of calcium phosphate coating [61]. In the electrospinning method, a polymer
solution containing calcium and phosphate precursors is used to form nanofibers, which
are then calcined to obtain the desired calcium phosphate nanomaterials.

Additionally, plasma spraying can also be used for the preparation of calcium phos-
phate coating, which can effectively prevent the corrosion and loosening of metal implants
in clinic. Plasma spraying requires a high cost; therefore, the application is limited. Liu et al.
developed a double-layer calcium phosphate-sandwiched siloxane composite coating that
can decrease the cost by using the chemical conversion method and the sequential mineral-
ization method to promote the loading of Ca and P elements with the coating so that this
magnesium alloy with the composite coating can achieve good mineralization ability and
biocompatibility in vivo [62]. Moreover, calcium phosphate coatings can also be obtained
via sequential mineralization in SBF [63] or electrochemical-assisted deposition [64].

For spray drying and electrospinning, the concentration of the calcium and phosphate
precursors in the spray drying and electrospinning solutions affects the viscosity and
surface tension of the solution. Higher concentrations typically result in increased particle
size and improved crystallinity. Different solvents have varying evaporation rates and
compatibility with the precursors, [65] leading to differences in particle size, porosity, and
surface characteristics. Higher airflow rates and temperatures generally result in smaller
particle sizes and improved crystallinity. Optimal feed rates ensure uniform particle distri-
bution [66]. Different polymers have varying viscosities, conductivity, and compatibility
with the precursors, leading to differences in fiber morphology, diameter, and mechanical
properties [67]. Post-treatment techniques, such as heat treatment or cross-linking, can
influence the crystallinity, porosity, and mechanical strength of the nanoparticles.

As described above, each synthesis method has its own unique advantages and
limitations for the preparation of calcium phosphate nanomaterials, and a summary is given
in Table 1. Proper synthesis methods can be employed for preparing calcium phosphate
nanomaterials with desired properties.

Table 1. A summary of synthesis methods for the preparation of calcium phosphate-based nanomaterials.

Synthesis Methods Advantages Disadvantages

—
=

Simple, efficient [68] Needs a long reaction time [19]
Wet chemical precipitation 2. Easy control of the reaction system 2. Difficult to purify composites [69]
environment [19]

1.  Short reaction time [28] 1. Security risks in the reaction process [70]
Solvothermal synthesis 2. Simple operation process [29] Hard to control materials’ properties [71]
3. More energy consumption [72]

N
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Table 1. Cont.

Synthesis Methods Advantages Disadvantages
1.  Simple synthesis process [73] 1. The physicochemical properties of the
Sol-gel method 2. Excellent calcium phosphate product are uncontrollable [75]
crystallization [74] 2. Mixed with impurities [76]
1. Short reaction time [51] 1.  Raw materials require full dissolution [45]
Microwave-assisted method 2. Less raw material consumption [48] 2. Limited application range [17]
3 High equipment maintenance costs [77]
1. Less cost of the process [55] 1. Few studies on the preparation of calcium
Sonochemical synthesis 2. The cavitation effect [52] phosphate materials [78]

2. Hard to industrialize [53]

1. Environmentally friendly [79] 1. Longer reaction time [80]
Enzyme-assisted method 2. The reaction conditions are 2. Whole process monitoring [81]
controllable [58]

1.  Machine parameters control 1. High equipment costs [83]
Spray drying and electrospinning product structure [82] 2. Difficult preparation of precursor

solution [84]

3. Multifunctional Properties of Calcium Phosphate-Based Nanomaterials

The various synthesis methods contribute to the diversity of calcium phosphate-
based nanoparticles. Herein, calcium phosphate-based nanomaterials have favorable
properties, involving biocompatibility, biodegradability, and the fact that calcium is a
critical mineral composition of human bones and teeth [85], and calcium phosphate-based
nanomaterials can also decompose in an aqueous solution with the pH value in human
internal environment [86]. Thus, it can be used as a great carrier to load drugs and can
protect them in blood [87], leading to controllable release in the human internal situation.

Moreover, large specific surface areas of calcium phosphate-based nanomaterials lead
to loading more therapeutic drugs, increasing the concentration of the drug around the
targeted sites to achieve efficient bone healing [88,89]. Based on this reason, Kans et al.
developed CaP-based coatings with interconnected pores via ultrasound-assisted microarc
oxidation method. The porous structure of the coatings contributes to the improvement
of the vancomycin loading capacity to achieve more effective antibacterial properties.
Additionally, by taking advantage of the electrostatic interaction between Ca* ions, on the
surface of the CaP, and COO" in bovine serum albumin (BSA), Kanupriya et al. found that
anhydrous dicalcium phosphate synthesized via rapid microwave-assisted synthesis had
higher porosity (77.8 m?/g), providing more binding sites for BSA. The porous anhydrous
dicalcium phosphate showed about a 59 wt% loading capacity of BSA, which is much
higher than that of hydroxyapatite with a lower specific surface area (16.1 m?/g) [90].

As shown above, calcium phosphates have the ability to incorporate biomolecules,
inside or on the surface, to reach the target sites and deliver therapeutic compounds. In
addition, some biomolecules can combine with inorganic structures to repair bone defects
by suppressing the acute inflammatory response [91,92] or various active ingredients,
promoting the formation of new blood vessels, inhibiting the fusion and migration of
osteoclasts [93] or directly encouraging osteogenic differentiation [94-96]. As shown in
Figure 7a, Kai-Chi et al. developed uniform carbonate-based apatite nanorods, which
upregulate cellular attachment and mineralization, by combining ferulic acid through the
regulation of heparin [97]. Additionally, many growth factors show various functions
to control the evolution, differentiation, and metabolism of stem cells in the process of
bone regeneration, including platelet-derived growth factor (PDGF), transforming growth
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Carbonated
apatite nanorod

factor betal (TGFbetal), vascular endothelial growth factor (VEGF), basic fibroblast growth
factor (bFGF), hepatocyte growth factor (HGF), epidermal growth factor (EGF), insulin-like
growth factor-1 (IGF-1), and so on. Bone-morphogenetic proteins (BMP) show especially
promising results when used in bone regeneration. As shown in Figure 7b, Seong et al.
combined BMP-2 with the crosslinked porous biphasic calcium phosphate, invented by
applying a water-in-oil emulsion technique with camphene as a pore generator, to achieve
high loading efficiency and constant release [95]. In another study shown in Figure 7c, there
is a phenomenon that the calcium pyrophosphate can keep the shape of nanofiber micro-
spheres in the presence of a low pH value (pH~4), consisting of a stomach environment, and
can reorganize into fiber and even into mineral plates in the intestinal environment (pH~7),
which means that the large specific surface area of 65 m? /g turns into only 1.5 m?/g; thus,
the loaded protein can keep its high activity when exposed to the stomach environment.
Subsequently, the loaded proteins would be released in the intestinal environment, which
leads to targeted enteric delivery [98].
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Figure 7. Strategies for the component engineering of nano-calcium phosphate-based biomaterials.
(a) Calcium phosphate-based biomaterial coated with heparin to crosslink with ferulic acid; reprinted
with permission from Ref. [97], Copyright 2021, MDPI (Basel, Switzerland). (b) The crosslinked
porous biphasic calcium phosphate loading more BMP-2; reprinted with permission from Ref. [95].
(c) The structure of the calcium phosphate-based biomaterial influenced by the pH value, leading to
the drug release; reprinted with permission from Ref. [98], Copyright 2019, Elsevier.

Stem cells, such as hBMSCs [10], hESC-MSCs [99], and hiPSC-MSCAs [100], play a
critical role in the process of bone regeneration. Several studies have investigated that
calcium-based materials can load these cells [101], and the interaction between nanostruc-
tures and cells contributes to bone healing [102,103]. Calcium phosphate bone cement
(CPC) was compounded with bone marrow mesenchymal stem cells (BMSCs) and was
condensed in alginate chitosan alginate (ACA) microcapsules. This can protect cells from
the negative influence of the CPC setting reaction and effectively form macropores in the
composite to help CPC display better bone regeneration functions in the performance of
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ectopic osteogenesis and high effective degradability in vivo compared to the CPC with
the addition of pure microcapsules or cell microcapsules [103]. Calcium phosphates, which
are osteoconductive, injectable, and moldable, can provide strong sites for the proliferation
and differentiation of cells and can promote bone healing.

Gene therapy is a potential and new approach to achieve highly efficient bone regen-
eration [104]. Calcium phosphate nanomaterials can be used as carriers for RNA [85,105]
or DNA [106,107]. BMP-2 promotes bone regeneration effectively, and a high dosage of
it can be loaded on the calcium phosphate nanocarriers to achieve the satisfied release
of the growth factor during the stage of bone regeneration. However, there is difficulty
in achieving the controlled release of growth factors during bone regeneration. A fast
degradation rate leads to the release of BMP-2 at a high level, as well as bone or tooth
resorption. To solve this problem, achieving larger, longer, and a more gradual release of
BMP-2, as shown in Figure 8a, Tenkumo et al. designed a multi-shell calcium phosphate
nanoparticle as a carrier with BMP-2-encoding-plasmid DNA. Thereafter, the drug delivery
system was incorporated with a nanohydroxyapatite-collagen scaffold to promote gene
transfection successfully [96]. The efficient cellular uptake of nanoparticle-loaded nucleic
acid molecules has a huge influence on the efficiency of bone regeneration. In Figure 8b,
it is shown that Bogyu Choi et al. found that nucleic acid-loaded CaP nanoparticles with
a GIn-Ochi chitosan coating can protect these particles from forming large aggregates
due to electrostatic repulsion and can achieve higher cellular uptake to promote bone
tissue regeneration.
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Figure 8. Strategies for calcium phosphate-based material loading genes. (a) Calcium phosphate-
loading DNA fixed in a scaffold to promote BMP-2 protein; reprinted with permission from Ref. [96],
Copyright 2018, Elsevier. (b) The nucleic acid-loaded nanoparticles, combining nucleic acid molecule-
loaded CaP nanoparticles with a GIn-Ochi chitosan coating to avoid aggregating; reprinted with
permission from Ref. [108], Copyright 2015, Royal Society of Chemistry.
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Metal ions can also be integrated within calcium phosphate-based nanomaterials,
regulating gene expression and promoting bone repair [109-113]. As shown in Figure 9,
Wau et al. introduced strontium ions, which came from SrCQOj3, into the modified calcium
phosphate cement, composed of 20 wt% pregelatinized starch and 10 wt% BaSOy, to
improve the flexibility, uniformity, and radiopacity performance of the cement. A total of
0.25 M of the NayHPOy solution acted as the setting liquid. This mixture performed well in
a calvarial defect model of a rat and showed suitable mechanical strength [114].
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Figure 9. Strategies for mixing metal ions with calcium phosphate. Calcium phosphate cement mixed
with Ba/Sr ions to achieve bone regeneration. Reprinted with permission from Ref. [114], Copyright
2021, Royal Society of Chemistry.

4. Applications of Calcium Phosphate-Based Nanomaterials in Bone Tissue Engineering

Calcium phosphate-based nanomaterials show superior biocompatibility, show os-
teoinductivity, and have high surface area and porosity. Thus, they have been widely used
for bone regeneration [115]. Additionally, calcium phosphate-based nanomaterials can be
doped with special compounds to promote bone repair directly. Susmita et al. designed 3D
calcium phosphate scaffolds, resembling the structure of cortical and cancellous bones, to
provide a stronger, denser structure to develop compressive strengths of the scaffold and
maintain the central interconnected porosity for cell proliferation and vascularization. The
scaffold was incorporated with natural compounds from ginger root and garlic powder,
which can enhance bone healing when used in vivo, and improved the bioavailability of
these medicinal compounds [116] (Figure 10a). Furthermore, many metal elements also
have various influences on the process of bone regeneration, such as silicon, magnesium,
cerium, and so on. Based on this theory, Fe and Zn were combined with tricalcium phos-
phate (TCP) via co-deposition because these two elements can improve new blood vessel
formation, which can significantly promote bone regeneration; then, the Fe/Zn-modified
TCP powders were turned into a solid, and micropores were formed inside at room temper-
ature. The composites achieved the sustained release of metal (Ca?*, Zn?** and Fe®") ions,
which can promote the process of bone repair [117] (Figure 10b). Additionally, because of
the low mechanical strength, brittleness, and quick resorption rate, CaP-based scaffolds
need to be reinforced with mechanical strength and be improved regarding bioactivity. It is
reported that bioceramic powders (hydroxyapatite and p-tricalcium phosphate) have been
embedded in mixed solutions of chitosan and silk fibroin to improve both the mechanical
properties and the differentiation of mesenchymal stem cells since chitosan and silk fibroin
have shown better bioactivity in supporting the growth and differentiation of BMSCs.
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Additionally, the polymer solution can be used as the bioink of robocasting equipment to
print 3D scaffolds with fixed system parameters at room temperature, and this scaffold
achieved great performance regarding mechanical properties and biocompatibility [118].
Calcium phosphate-based materials can also be used as carriers to load cells or growth
factors, which can improve effective therapeutic ingredients in bone defect areas, can keep
the sustained release of these factors, and can provide enough room for osteoblasts and
new blood vessels [119]. Li et al. reported that bone marrow mesenchymal stem cells and
platelet-rich plasma combined with a calcium phosphate cement scaffold achieved more
newly formed bone areas than normal calcium phosphate cement scaffolds in an in vivo
experiment [120].
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Figure 10. Calcium phosphate composite materials with different properties for bone repair. (a) Cal-
cium phosphate scaffolds loaded with ginger and garlic extracts can improve bone regeneration and
osteogenic differentiation (* p < 0.05; ** 0.05 < p < 0.01; and *** p < 0.01); reprinted with permission
from Ref. [116], Copyright 2022, American Chemical Society. (b) Calcium phosphate materials were
combined with Zn/Fe ions to turn micropores into a dispersed solid; reprinted with permission from
Ref. [117], Copyright 2019, Royal Society of Chemistry.

Recently, near-infrared-emitting persistent luminescence nanoparticles have been
used as an optical probe for bioimaging and biosensing [121,122]. Though they show low
absorptivity in deep-tissue imaging, achieving stable in vivo luminescence is still a great
challenge [123]. Chen et al. developed Eu®*/Gd** ion-dual-doped CaP nanoparticles via
co-precipitation using block copolymer polylactide-block-monomethoxy as a template. The
nanoparticles showed prolonged stability (more than 80 days), improved the T1-weighted
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MRI signal intensity, and decreased T2-weighted MRI signal intensity, which resulted in
darker images for the better observation of changes in local areas in vivo [124] (Figure 11a).
Additionally, to monitor the in vivo performance of calcium phosphate cements, which
show a high structural similarity to bone [125], calcium phosphate cements linked with
gadolinium (III) by bisphosphonates were developed, and they showed shortened T1
relaxation times of the water in tissues and achieved signal enhancement in a T1-weighted
MRL. In this way, the highly accurate evaluation of the implant shape both in MRI and CT
for a prolonged time period (about 8 weeks) was achieved [126] (Figure 11b).
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Figure 11. Multi-application in the imaging area. (a) Calcium phosphate-based materials used in
bioimaging; reprinted with permission from Ref. [124], Copyright 2012, Elsevier. (b) Simple flow
chart of calcium phosphate composite gadolinium and for CT and MRI bone defect repair evaluation.

Green arrows indicate the bright area which appears in the middle of the implant on the MRI
acquisitions after 4 weeks from the surgery. Red arrow displays the calcium phosphate cements
that become indistinguishable from the surrounding bone after 8 weeks from implantation in vivo;
reprinted with permission from Ref. [126], Copyright 2018, Wiley.

Calcium phosphate-based nanoparticles are also desirable materials for drug deliv-
ery [127]. Doxorubicin could activate the immunogenic cell death of tumor cells through
an apoptosis pathway, including reactive oxygen species, which could lead to DNA cleav-
age and mitochondrial dysfunction [128], while the multidrug resistance of cancers may
result in poor prognosis [129]. To address this issue, a selenium-doped CaP, serving as
the doxorubicin carrier, was designed for reversing the multidrug resistance of tumors.
Se-doped CaP is pH-sensitive and dox can be released specifically in the tumor sites due
to the acid microenvironment. Thus, the uptake of anticancer drugs of tumor cells was
raised, and Se ions released could decrease reactive oxygen species of tumor cells and the
expression of ATP-binding cassette transporters, which reverse multidrug resistance [130]
(Figure 12a). The surgery of bone tumors causes large bone defects, and calcium phosphate
bone pastes have been widely used as bone substitutes in clinics to replace allogenous bone,
providing strong and stable support for the defect sites without internal fixation [131,132],
for many years, and the result of anticancer is also well described in the long run [133,134].
Furthermore, there is the theory that calcium ions play a vital role in tumor necrosis by
regulating the stability of the intracellular concentration of calcium ions [135-137], and a
high concentration of calcium in the microenvironment of the tumor can encourage tumor
calcification [138,139]. Based on this phenomenon, calcium phosphate can combine with
some special materials, such as ferritin, which is a promising load for targeted delivery, to
protect ferritin from interception to achieve the function of targeted delivery to the tumor
effectively, and the shell of calcium phosphate not only counterbalances the acidic microen-
vironment around tumors but also accelerates the immunomodulation and calcification of
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cancers [140,141]. CaP nanoparticles can also be coated to camouflage, which may result in
intracellular calcium overload and induce apoptosis. For example, TiO,-coated CaP can
elevate the generation of reactive oxygen species, due to the demonstrative property of
inorganic sonosensitizers, and can provide calcium ions due to the acidic microenvironment
of the tumor (Figure 12b) [142-144].
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Figure 12. Strategies for calcium phosphate-based materials to kill cancer cells. (a) Reversal of the
multidrug resistance of tumors by combining calcium phosphate with Se element; reprinted with
permission from Ref. [130], Copyright 2020, Elsevier. (b) Construction of calcium phosphate and
TiO, to promote cancer therapy; reprinted with permission from Ref. [142], Copyright 2021, Wiley.

5. Conclusions and Perspectives

Nano-calcium phosphate-based biomaterials have shown great potential in bone tissue
engineering due to their unique properties, including their small size, high surface area
to volume ratio, and multifunctionality. Various preparation methods, including sol-gel,
hydrothermal synthesis, spray drying, and electrospinning, have been used to obtain these
biomaterials with controlled size, morphology, and composition.

The multifunctionality of nano-calcium phosphate-based biomaterials is attributed to
their abilities to enhance the osteogenic differentiation and mineralization of mesenchymal
stem cells, to promote angiogenesis, and to exhibit antimicrobial properties. These proper-
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ties make them attractive for various applications in bone tissue engineering, including
bone defect repair, bioimaging, and anticancer applications.

The preparation, multifunctionality, and application of nano-calcium phosphate-based
biomaterials for bone tissue engineering have been extensively studied and reviewed in the
literature. These biomaterials have shown great potential in the regeneration and repair of
bone tissues and can provide a scaffold for the adhesion, proliferation, and differentiation
of stem cells. Further research is needed to optimize the preparation methods, function-
alization, and characterization of these biomaterials to improve their performance and
clinical outcomes. Nonetheless, these biomaterials represent a promising avenue for the
development of effective and safe bone tissue engineering therapies.

The future exploration of calcium phosphate-based nanomaterials could be based on
the following points: more effective binding of active substances; more effective targeting
methods to achieve more effective treatment goals in local areas; and the interaction
mechanism between calcium phosphate and substances. Calcium phosphate binds to the
active ingredient and can protect the bioactivity of the component from being affected to
maximize the function of the ingredient, such as promoting bone regeneration and anti-
cancer properties. In addition, effective targeting strategies can deliver calcium phosphate-
loaded components to the relevant areas so that the local area has a high concentration of
therapeutic components, which minimizes the harm caused by therapeutic components.
In order to achieve the above objectives, it is necessary to further explore the interaction
mechanism between calcium phosphate and various substances to achieve the stable
synthesis of calcium phosphate materials with related functions and even commercial
production into clinical applications. Thus, it is conducive to the stable output of bioactive
calcium phosphate material for large-scale production and application in practice.

Thus far, based on the consideration of biosafety, only a few calcium phosphate-based
nanoparticles have been applied in clinics. Therefore, we hope that this review inspires
readers to obtain more ideas for the design of bone repair materials.
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Abstract: Alzheimer’s disease (AD) is to blame for about 60% of dementia cases worldwide. The
blood-brain barrier (BBB) prevents many medications for AD from having clinical therapeutic effects
that can be used to treat the affected area. Many researchers have turned their attention to cell
membrane biomimetic nanoparticles (NPs) to solve this situation. Among them, NPs can extend the
half-life of drugs in the body as the “core” of the wrapped drug, and the cell membrane acts as the
“shell” of the wrapped NPs to functionalize the NPs, which can further improve the delivery efficiency
of nano-drug delivery systems. Researchers are learning that cell membrane biomimetic NPs can
circumvent the BBB’s restriction, prevent harm to the body’s immune system, extend the period
that NPs spend in circulation, and have good biocompatibility and cytotoxicity, which increases
efficacy of drug release. This review summarized the detailed production process and features of
core NPs and further introduced the extraction methods of cell membrane and fusion methods of cell
membrane biomimetic NPs. In addition, the targeting peptides for modifying biomimetic NPs to
target the BBB to demonstrate the broad prospects of cell membrane biomimetic NPs drug delivery
systems were summarized.

Keywords: Alzheimer’s disease; blood-brain barrier; cell membrane biomimetic nanoparticles;
targeting peptides

1. Introduction

The most prevalent type of dementia in the world is Alzheimer’s disease (AD), which
is a progressive and irreversible neurodegenerative disease [1]. The possible predisposing
factor of dementia in elder citizens is neuronal loss and cognitive impairment brought
on by buildup of aggregation of amyloid-f3 (Af) and intracellular neurofibrillary tangles
with aging [2]. According to World Health Organization projections, more than 55 million
people worldwide already suffer from dementia, and that number is projected to increase
to 78 million in 2030 and even more than 139 million in 2050 [3]. The researchers also
found that the median survival time of AD diagnosis age was 3.2 to 6.6 years [4], and the
probability of heritability was about 70%. As the number of AD patients increases, the
situation facing patients and their families is dire [5]. A number of drugs for AD have also
advanced to the clinical research stage, costing billions of dollars [6]. However, 98% of
drugs currently available on the market are blocked by the blood-brain barrier (BBB) in
treating AD [7], which prevents pathogens and drugs from entering the brain from the
circulatory system [8]. Drug delivery that targets the central nervous system for diagnosis
and treatment of neurodegenerative diseases such as AD is restricted.

To solve this problem, many researchers have designed a class of cell membrane
biomimetic nanoparticles (NPs) that can cross the BBB to the affected area in the brain. Cell
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membrane biomimetic NPs typically consist of a thin cytoplasmic membrane and encapsu-
lated therapeutic NPs, resulting in a “core—shell” structure in which drug-encapsulated
NPs (polymeric NPs, lipid-based NPs, inorganic NPs) are the “core” [9] and the outer layer
of the cell membrane that wraps the NPs is the “shell” (Figure 1).
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Figure 1. Schematic diagram of the preparation method of cell-membrane-coated NPs.

The “core” of drug-carrying cell membrane biomimetic NPs is prepared from nanoma-
terials and drugs, which can prolong the drug’s half-life and increase biocompatibility in
nerve tissues to enhance the therapeutic effect [10]. To further improve delivery efficiency,
the NPs are wrapped with appreciable amounts of natural cell membranes that could
be easily resized to form the “shell” of NPs [11]. Cell membrane biomimetic NPs, as a
new type of nanomedicine, can target disease sites through the homing tendency of mem-
brane proteins while also evading immune elimination, extending circulation time, and
other biological functions of the parent cell [12]. In contrast, “core—shell” cell membrane
biomimetic NPs are more complex but more flexible and less repulsive than simple NPs
without biomimetic membranes [13]. Core NPs can also be formulated to be loaded with
drugs to enhance stability of NPs in blood. Cell membrane biomimetic NPs can also be
modified with specific peptides targeting the BBB or diseased sites. Taking advantage of the
high transmembrane transport efficiency of targeting peptides, targeting peptides are used
as carriers to couple with cell membrane biomimetic NPs to “carry” the cell membrane
biomimetic NPs to penetrate the BBB, thereby significantly increasing the efficiency of cell
membrane biomimetic NPs and enhancing active targeted delivery of NPs. Biomimetic
nanotechnology provides a new idea for designing nanomaterials that cross the BBB, which
is expected to be used in treatment of AD [14].

In the following review, we focused on the influence of BBB and application of cell
membrane biomimetic NPs in treatment of AD. In addition, NPs synthesis methods, cell
membrane extraction methods, and cell membrane biomimetic NPs fusion methods were
reviewed in this paper. Finally, targeting peptides commonly used to enhance BBB targeting
of biomimetic NPs were summarized, aiming to achieve drug delivery to AD lesion areas.

2. BBB Hinders AD Treatment
2.1. Current Therapy Strategy

Less successful treatment drugs have been developed to treat AD [15], and most of
them can only temporarily relieve symptoms and improve cognitive function. For symp-
tomatic alleviation of AD, the European Medicines Agency (EMA) suggested cholinesterase
inhibitors (ChEIs) and N-methyl-D-aspartate (NMDA) receptor antagonists [16]. ChElIs,
including donepezil, galantamine, tacrine, and rivastigmine, increase acetylcholine levels
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in the synaptic cleft by inhibiting acetylcholinesterase, cause temporary cognitive enhance-
ment, and are licensed for mild to moderate AD. NMDA receptor antagonists, such as
memantine, reduce neurotoxicity of glutamate for symptomatic relief of moderate to severe
AD phases [17]. In addition, the Food and Drug Administration (FDA) also approved mar-
keting of a combination therapy (a fixed-dose mixture of donepezil and memantine) [18]
and aducanumab besides ChEIs and NMDA receptor antagonists. The fixed-dose mix-
ture of donepezil and memantine showed more significant effectiveness than donepezil
alone [19]. Aducanumab is a monoclonal antibody that treats early-stage AD by reducing
amyloid deposition and is the first approved therapy targeting amyloid [20]. However, the
EMA rejected marketing of aducanumab after finding abnormal swelling or bleeding in
brain of minor patients. Although clinical trials of aducanumab are controversial, treatment
with aducanumab still offers advantages over existing treatments [21].

2.2. The Impact of BBB on Treatment of AD

Drug efficiency is enormously limited due to the existence of BBB [22]. BBB is as-
sembled by the blood-brain, cerebrospinal fluid-brain, and blood—cerebrospinal fluid
barriers. BBB is composed of brain capillary endothelial cells (BCECs), astrocytes (AS),
basement membrane, microglia, tight junctions, neurons, and pericyte, showing high
selectivity [23] (Figure 2).
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Figure 2. Schematic diagram of the structure of the BBB. The basement membrane surrounds the
BCECs and embeds pericytes that span several BCECs. AS end-feet are in contact with the BCECs.

The BBB’s BCECs are surrounded by AS, whose feet processes form connections to
neurons. Pericytes are sporadically scattered along the brain capillaries and work with
the basement membrane to stabilize the BBB. Microglia are sorts of immune cells exiting
the central nervous system. Tight junctions are created by a complex network of parallel,
linked transmembrane, and cytoplasmic proteins and are found in the apical/luminal area
of BMECs. Only particles smaller than 1 nm are permitted to cross the passage of tight junc-
tions. Thus, the BBB provides a protective mechanism for maintaining brain homeostasis
and protecting the central nervous system from harmful hematogenous, endogenous, and
exogenous substances. Although drugs or endogenous components cross the BBB into the
brain via transcellular pathways [24] (passive transcellular diffusion pathway, paracellular
pathway, adsorption mediated endocytosis, carrier mediated transport, receptor mediated
transcytosis, and efflux pumps that expel materials from the brain [25], as shown in Figure 3,
the transcellular pathways still require certain conditions for molecules to enter the brain,
including molecular weight (less than 400 Da), shape (spherical), size (nano range), ion-
ization (physiological pH value), lipophilicity, etc. As a result, all macromolecular drugs
and more than 98% of small-molecule drugs are excluded from the brain [26]. Even though
many drugs show satisfactory therapeutic effects in vitro, most of the activities are blocked
by the BBB in vivo. According to the study of Zhao et al., the bioavailability of donepezil
administrated orally in the brain is only 0.024-0.05% [27]. The research of Karasova also
revealed that the oral bioavailability of tacrine in the brain is only 0.0014-0.0018% [28].
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Presence of BBB has a significant impact on bioavailability of drugs into the brain, which is
a great challenge for treatment of AD [29].

Passive Adsorption  Receptor Carrier  Paracellular Efflux
transcellular mediated  mediated mediated pathway pump
diffusion endocytosis transcytosis  transport Blood
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..........
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...........

..........

Figure 3. Schematic diagram of the physiological mechanisms by which drugs cross the BBB.

2.3. New Strategies for Treating AD through BBB
2.3.1. Route of Administration for Treating AD

Faced with the difficulty of delivering drugs into the brain for diagnosis and treatment,
there are currently three main approaches to solving this problem: (A) local sustained
release, a highly invasive procedure in which a drug is injected directly into the brain
through the meninges. However, it is clinically prone to bleeding and central nervous
system infection and should be used in very severe cases or only when a patient is hospi-
talized. (B) Intranasal administration: the brain receives medication directly by bypassing
the BBB via the olfactory and trigeminal pathways. However, there are problems, such as
insufficient absorption of drugs from the nasal mucosa, small nasal volume, large variabil-
ity, and poor stability [30]. (C) Systemically administered, where a drug can cross the BBB
and arrive in brain when administered orally or intravenously [31]. To date, the systemic
delivery route is the most interesting and receptive strategy for AD treatment.

2.3.2. Potential Agents for AD Treatment

In addition to medicines already in use mentioned in Section 2.1, some natural prod-
ucts have shown great potential in treatment of AD, such as curcumin (Cur), quercetin [32],
thymoquinone [33], huperzine A [34], and rhynchophylline [35]. At the same time, many
potential natural products, such as fucosterol, lectin, fucoxanthin, and astaxanthin, have
been isolated from marine algae [36]. Marine actinomyces produce a variety of halogenated
compounds and can also be a rich source of natural medicines to treat AD [37]. However,
most natural products are poorly water-soluble, resulting in difficulties to enter the brain.
NPs could be used as vectors to carry natural products across the BBB to treat AD. Among
them, metal NPs can easily be synthesized, coated, or combined to carry these natural prod-
ucts. Metal NPs carrying natural products can be used for in vitro detection of Af3 using
confocal microscopy and also to manipulate A3 aggregation to treat neurodegenerative
diseases [38].

2.3.3. Nanoparticle Technology for Treating AD

There are several routes in which nanocarriers carry therapeutic drugs across the BBB
into the brain to treat degenerative neurological disease: (A) open the tight connections be-
tween BCECs or cause local toxic effects that make the BBB more permeable, allowing NPs
to enter the brain; (B) through endocytosis through BCECs, NPs enter the BCECs cytoplasm
and then are expelled into the brain by the BCECs lumen; (C) through transcellular action
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through BCECs into the brain. NPs’ biocompatibility and biodegradability allow them to
protect pharmaceuticals, increase their bioavailability, and enable active targeting through
surface functionalization, making it easier to distribute drugs to specific places. NPs may
be able to transport therapeutic medications directly to the brain due to these advantageous
effects without endangering the BBB’s neuroprotective qualities [8]. Therefore, NPs can be
used to target amyloid A aggregation, excessive Tau phosphorylation, neurotransmitter
dysfunction, neuroinflammation, oxidative stress, and neurotrophic factors in the brain
to restore degenerative nerves and thus achieve the therapeutic effect of AD. NPs carry
fluorescent molecules for early diagnosis of brain diseases. In conclusion, application of
NPs in treatment of AD across the BBB has shown great potential.

In the systemic delivery system, cell membrane biomimetic NPs have shown great
advantages for brain drug delivery, with the features of high drug loading, good biocom-
patibility, long circulation time, instinctual targeting ability, and low immunogenicity. Cell
membrane biomimetic NPs simultaneously combine the advantages of unique natural cell
membranes and an artificial core and can disguise as autologous cells, providing a new
idea for brain drug delivery.

3. Core NPs

With the introduction of the concept of nanotechnology, nanotechnology has be-
come a field to ensure safety of human life, involving many aspects, such as medicine
and bioscience, agriculture, the food industry, electronics, transportation, communica-
tion, energy, etc. [39]. NPs consisting of nanomaterials and therapeutic agents [40] have
characteristics of tissue selectivity, long circulation time, protecting and encapsulating
drugs, enhancing drug absorption, increasing the loading and bioavailability of poorly
soluble drugs, etc. [41]. On this basis, a variety of drug nanocarriers have been developed,
including polymeric NPs, lipid-based NPs, and inorganic NPs.

3.1. NPs
3.1.1. Polymeric NPs

Because of their flexible architecture (10-1000 nm), low toxicity, biocompatibility, and
regulated drug release, polymeric NPs—both synthetic and natural—have been extensively
exploited in an astounding variety of drug delivery systems [42]. Therapeutic medications
can be transported across the BBB by passive or active delivery when they are enclosed in
polymeric NPs, protecting them from enzymatic and hydrolytic destruction [43]. According
to reports, pharmaceutically loaded polymeric NPs boost brain penetration, enabling much
higher drug concentrations at the target region and increasing the medicine’s overall
effectiveness [44].

The most common biodegradable and biocompatible polymers used to create poly-
meric NPs include poly(D,L-lactide-co-glycolide) (PLGA), polyethylene glycol, polylactic
acid, poly(caprolactone), poly(glutamic acid), N-(2-hydroxypropyl)-methacrylate copoly-
mers, poly(n-butylcyanoacrylate), 4-(Hydroxymethyl) phenylboronic acid pinacol ester
(PBAP), and poly(amino acids), etc. PLGA is a synthetic polymer that has received FDA
approval and has excellent biocompatibility and biodegradability features. It has been
utilized extensively in medicinal applications, including treatment of AD [45].

Gao et al. prepared Cur-encapsulated PLGA NPs and camouflaged them with a red
blood cell membrane (RBCm) (RBC-NP-Cur). In aneuronal-like cells (HT22) and primary
brain capillary endothelial cell Transwell co-culture test, RBC-NP-Cur was confirmed to
show significantly better permeability than Cur. In addition, after injection of RBC-NP-Cur
in AD model mice, more accumulation of Cur, reduced cognitive decline, suppressed
nerve cell death, and decreased p-tau levels in the brain were observed compared to free
Cur group [46]. Tang et al. used macrophage membrane (MA)-encapsulated rapamycin-
loaded PBAP NPs to treat AD. Confocal laser scanning microscope images revealed that
a significant number of MA /1,19-Dioctadecyl-3,3,39,39-tetramethylindo-dicarbocyanine
perchlorate (DiD) NPs accumulated in inflammatory human umbilical vein endothelial
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cells (HUVECs) after NPs were modified with DiD for 2 h [47]. These results imply that
modified polymer NPs can actively target the sick region and release medications, resulting
in increased effectiveness of drug delivery.

Polymer nanomicelles (PM) carrying a wide range of proteins, such as mRNAs or
antibodies, can specifically and efficiently penetrate the BBB by injection to reach the
brain parenchyma to release active agents’ fragments. In addition to preventing early
degradation of mRNA, use of mRNA-loaded PM altered intracellular mRNA transport,
increased mRNA detection and expression in neurons in vivo, and reduced amyloid load
in mouse models of acute amyloidosis [48]. It was also shown that accumulation of 3D6
antibody fragments (3D6-Fab) in the brain using the PM system was 41 times greater
than that of free 3D6-Fab and successfully inhibited Af31.4, aggregation in AD mice [49].
According to the characteristics of high impermeability of BBB, biotin and PECAM-1 protein
on BBB were combined to form biotin targets on BCECs and avidin-functionalized PM
with biotin specific binding were prepared. The PM can only target the brain and reduce
accumulation in other organs in the body, thus reducing clinically limited peripheral side
effects and effectively treating AD [50].

3.1.2. Lipid-Based NPs

Liposomes [51], solid lipid NPs (SLNs) [52], nanostructured lipid carriers [53], and
nanoemulsions [54], among others [32], are the most common lipid-based NPs. Phospho-
lipids, fatty acids, or cholesterol are generally used to create lipid-based NPs. Lipid-based
NPs have the ability to form both unilamellar and multilamellar vesicular structures with
diameters between 80 nm and 100 pm. Lipid-based NPs can carry various kinds of thera-
peutic drugs (such as nucleic acids, enzymes, and proteins) for effective transportation. The
unique phospholipid structure of lipid-based NPs (similar to physiological membranes)
makes them more compatible with the cellular lipid layer of the BBB, facilitating drug entry
into the brain. Controlled and exact release of the materials at the targets is also made
possible by lipid-based NPs, which can limit the rate of material breakdown. Lipid-based
NPs are widely used in brain-targeted drug delivery because of high safety, good economic
performance, large drug loading, good biodegradability, and biocompatibility [55].

Song et al. encapsulated rapamycin in liposomes and coated with platelet membrane
by extrusion (P-Lipo). After intravenous injection of P-Lipo, the extracted brain tissue
was observed under a fluorescence microscope and it was found that accumulation of
P-Lipo in atherosclerotic lesions increased by 5.91 times compared with control liposomes,
indicating that P-Lipo-specific targets to atherosclerotic plaques [56]. Han et al. prepared
MA-coated SLNs for delivery of genistein to neuronal mitochondria (MASLNs). Using the
brain microvascular cell (bEnd.3)/HT22 in vitro co-culture model to study the permeability
of the BBB, it was found that MASLNs had a more pronounced ability to cross the BBB
than SLNSs. In vivo imaging in mice following tail vein injection of 1,1’-dioctadecyl-3,3,3',3'-
tetramethylindotricarbocyanine iodide (DiR)-labeled MASLNs and fluorescence intensities
identified in isolated brain homogenates revealed that MASLNSs can cross the BBB [57].

3.1.3. Inorganic NPs

Inorganic NPs are usually based on metals and non-carbon sources. The shape and
size of inorganic NPs, including gold (Au) [58], silica (Si) [59], silver (Ag) [60], and magnetic
(Fe30O4) [61] NPs, can be precisely tuned according to the synthesis process. Inorganic NPs
have large surface area, controllable structure, diverse surface chemical properties, unique
optical and magnetic properties, etc. At the same time, inorganic NPs also have chemical
and physical stability in treatment of brain diseases and diagnostic applications [62]. Addi-
tionally, use of particular external stimuli, such as magnetic materials and near-infrared
light, can assist the BBB’s on-demand drug release and improve imaging [63]. However,
because of their inherent toxicity, inorganic NPs are not always simply removed from the
body, can have long-lasting immunological reactions, and have low biocompatibility [63].
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Plissonneau et al. prepared sub-5 nm gadolinium-based NPs (AGulX) co-modified by
two small peptides derived from the sequence of Ap1_4», KLVFF and LPFFD. KLVFF
matches the short hydrophobic core Ap segment and LPFFD binds the hydrophobic
area in Af’s center, respectively, for Af3-amyloid-plaque-targeted treatment of AD. Both
functionalized NPs attach specifically to the amyloid plaque made up of A3 protein
in vitro hippocampus of AD model mice, as shown by immunohistochemical labeling with
Pittsburgh compound on brain slices of transgenic mice with AD [64]. Gao et al. prepared
an Au NPs scaffold with both polyoxometalates with LPFFD and Wells-Dawson structure
(POMD) (AuNPs@POMD-pep). Thioflavin T assay demonstrated that AuNPs@POMD-pep
successfully promoted disintegration of A fibrils after co-incubating A3 monomers with
the compound. This was demonstrated by the fact that the fluorescence intensity was
reduced by roughly 37%. After injection of AuUNPs@POMD-pep to mice intravenously,
inductively coupled plasma mass spectrometry analysis was involved to verify the success
penetration of AuNPs@POMD-pep across the BBB [58].

3.2. Synthesis of Core NPs
3.2.1. Single Emulsification-Solvent Evaporation Method

Single emulsion (W/O) of polymeric NPs for hydrophobic drugs can be synthesized
by emulsification-solvent evaporation method. First, the nano carries and interested
ingredients are dissolved in organic solvents as organic phase. The organic phase is
dropped into water phase containing sodium cholate, poloxamer, etc. Then, the mixtures
are stirred and phaco-emulsified to produce a stable nano-emulsion. The organic solvent is
evaporated off to generate NPs [65] (Figure 4).
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Figure 4. The procedure of single emulsification—solvent evaporation method.

3.2.2. Double Emulsion Method

Generally, hydrophilic drugs (such as proteins) can be prepared as polymeric NPs and
lipid-based NPs by this double emulsion (W/O/W) method [66]. The hydrophilic drug
and stabilizer are first dissolved in water and then dispersed in the organic solvent form
colostrum. The colostrum is dispersed and dissolved in an aqueous phase containing an
emulsifier, and the formulation is finally stirred to evaporate the organic solvent and obtain
NPs [67]. The double emulsification method can prevent the decrease in encapsulation
efficiency caused by the rapid dispersion of water-soluble drugs into the outer water phase
during the emulsification process (Figure 5).

3.2.3. Nanoprecipitation Method

Nanoprecipitation method can be used to prepare hydrophobic polymers into NPs.
Materials and drugs are dissolved and dispersed in organic solvents. The resulting organic
solvent is added into an aqueous solution with surfactants magnetically stirred. Due to
the difference in the solubility of hydrophobic polymers in the two solvents, the polymers
that exist in stretched form in organic solvents will aggregate and form NPs once they
enter the aqueous phase. By using lower pressure evaporation or nitrogen blowing, the
solvent and water from the particle dispersions are eliminated. NPs are precipitated from
the suspo-emulsion by centrifugation in a differential centrifuge [68] (Figure 6).
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Figure 6. The procedure of nanoprecipitation method.

3.2.4. Salting out Emulsification-Diffusion Method

No toxic organic solvent is used in salting out emulsification—diffusion method. Natu-
ral polymer materials, such as albumin and gelatin, are used as carrier materials to prepare
polymeric NPs. Dissolve nanocarriers and hydrophobic drugs in water with surfactant,
and then add salt precipitating agent or change the pH value to precipitate the polymer
while stirring. An emulsifier is added to emulsify the precipitate and an appropriate
amount of curing agent is used to stabilize the NPs. Dialysis membrane or gel column

chromatography can be used to purify the products [69] (Figure 7).

3.2.5. Supercritical Fluid Method

Supercritical fluid is a substance in a supercritical state that can improve solubility
of poorly soluble drugs [70]. Polymers (or liposomes) and drugs are dissolved in a su-
percritical liquid. When the supercritical liquid is decompressed and atomized through
a small-diameter nozzle, the NPs will be separated with rapid vaporization of the super-
critical liquid [71]. Supercritical fluid technology is emerging as an attractive preparation
method due to use of environmentally friendly solvents, high-purity processing of NPs,

and absence of residual organic solvents [72] (Figure 8).
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Figure 7. The procedure of salting out emulsification—diffusion method.
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Figure 8. The procedure of supercritical fluid technology.

3.2.6. Spray Drying Method

Spray drying method has been shown to be an effective way for improving long-term
stability of NPs and is suitable for industrial largescale preparation of NPs. With removal of
water, NPs material turned from fluid state to powdered material. The atomizer atomizes a
certain concentration of fluid, falls into a certain flow of dry gas for vaporization/drying,
and finally separates NPs from the dry gas [73]. This method is further restricted to lipids
with a melting point over 70 °C (Figure 9).
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Figure 9. The procedure of spray drying method.
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3.2.7. Solvothermal Method

In closed reactors (such as autoclave) with high temperatures and pressures, the
solvothermal approach typically functioned and is suitable for preparation of inorganic
NPs [74]. The raw material is dissolved in an organic solvent, stirred, sonicated, and then
transferred to an autoclave for heat treatment. Then, the cores evolve into grains with a
certain shape. The autoclave spontaneously cools down to ambient temperature in the
presence of air following the solvothermal reaction [75]. The precipitate is then centrifuged
separately, cleaned with deionized water, and finally dried [76]. The reaction process is
relatively sluggish with this approach, taking between 18 and 36 h [77] (Figure 10).
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Figure 10. The procedure of solvothermal method.

3.2.8. Sol-Gel Method

When using the sol-gel process, the inorganic material is uniformly dissolved in the
precursor solvent before being transferred to a container. Heat the container, store under
vacuum for a period of time and cause its gelation, and then cool to room temperature. The
product is washed with ethanol and subsequently dried under vacuum to obtain inorganic
NPs with core-shell structure. By adjusting the reaction time and material ratio as well as
the proportion of the reaction product, the sol-gel method can control the thickness of the
shell, which in turn affects the overall particle size [78] (Figure 11).
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Figure 11. The procedure of sol-gel method.

3.2.9. Thermal Decomposition

The weighed precursor and inorganic material are added into an organic solvent. The
mixture is stirred to dissolve during heating and then kept at a specific temperature in the
reactor. The samples are allowed to cool down at room temperature. Products are collected
by filtration, washed several times, and dried overnight [79]. Thermal decomposition has
the benefit of allowing for efficient and speedy synthesis of functional NPs in accordance
with experimental requirements (Figure 12).
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Figure 12. The procedure of thermal decomposition.
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4. Cell Membrane

As the “shell” of the cell membrane biomimetic NPs, the cell membrane plays the
role of modifying the NPs. Membrane proteins embedded in semipermeable phospholipid
bilayers, such as integrins, peripherins, and lipid-anchored proteins, make up around
one-third of all the proteins in an organism [80]. NPs, wrapped in membranes that embed
endogenous proteins outwards, would have the properties of endogenous cells, enhancing
immune escape and extending blood circulation [81]. This chapter summarized the cell
extraction methods from blood or tissue and their corresponding membrane properties
and limitations (as shown in Table 1).

Table 1. Extraction methods of different cell membranes and their characteristics and limitations.

Cell Separation Methods Properties Limitations
Easy availability.
Long circulatory lifespan (~120 days in humans and
Extrusion, ultrasound, ~50 days in mice) and wide circulation range.
Erythrocyte freeze—thaw, Uniform in size and shape, with a good surface area Poor targeting ability.
and hypotonicity to volume ratio, without organelles and any DNA.

Good biocompatibility, biodegradability, and
non-immunogenicity.

High targeting efficiency.
Controlled drug release.
Lower immunogenicity.
Long systemic circulation (around 7-10 days).
Targeting to plaque.

Small proportion of blood
and undesirable activated.

Extrusion, freeze—thaw,

Platelet and ultrasound

Adhesion capacity.
Migratory and chemotactic capacity in Organization residency
disease states. restrictions.
High loading capacity.

Leukocyte Extrusion and hypotonicity

Good targeting ability to AD lesions.
Macrophage Extrusion and hypotonicity Innate immune evasion ability.
Long circulation ability in vivo.

Organization residency
restrictions.

Homologous tumor
targeting.

Extrusion and . .
Cancer cell Dounce homogenizer Strong homologous targeting ability.

4.1. Source Cell

Distinct types of cells in the human body perform several physiological tasks, such
as lengthy blood circulation, migration to particular body areas, and traversing physical
barriers. To deliver medications with retained cellular structure and function, it is crucial
to choose particular cell types.

4.1.1. Erythrocyte

Erythrocytes, also known as red blood cells, lack organelles and nuclei and are bi-
concave blood cells, with a diameter of between 7 and 8 um and a central thickness of
about 1 um. Erythrocytes are the most prevalent cell in blood, making up a quarter of the
total number of cells in the body, and can be easily isolated from the blood [82]. In addi-
tion, because of a lifespan of more than 120 days and high surface area/volume ratio, the
erythrocyte has long circulation time in the body for efficient transport. Erythrocytes can
effectively avoid phagocytosis by the immune system because the surface of erythrocytes is
rich in self-labeled proteins, such as CD47, polysaccharides, and acidic sialic acid moieties,
which are essential for maintaining balance of erythrocytes [83]. Deactivation of myosin
IIA, which is involved in contraction of macrophage actinomyosin, is brought about by
binding of CD47 to SIRP-« and can prevent phagocytosis [84]. In addition to camouflaging
their function and avoiding clearance by the immune system, NPs modified with RBCm
can reduce toxic side effects, prolong circulation time, and enhance drug retention at the
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focal site [85]. In recent years, polymeric NPs encapsulated by RBCm have represented an
emerging nano-drug delivery platform because of their properties of prolonging circulation
in vivo [86].

Gao et al. coated Cur-loaded human serum albumin NPs with RBCm and then
modified the RBCm surface with triphenylphosphine (TPP) molecules and AV-1451 (T807)
(T807 /TPP-RBC-Cur-NPs). In the in vitro co-culture model of BMECs, AS, and HT22 cells,
significant fluorescence intensity was observed in the T807 /TPP-RBC-NPs group, proving
that RBCm-coated biomimetic NPs could effectively traverse the BBB and fully enhance the
Cur cell uptake. Hematoxylin and eosin staining was used to check the survival of neurons
in the hippocampus of AD model mice after injection of T807/TPP-RBC-Cur-NPs into the
tail vein. The neuronal survival rate in the hippocampus of AD model mice treated with
T807 / TPP-RBC-Cur-NPs was greatly increased [87].

4.1.2. Platelet

Platelets are disc-shaped anucleate cellular fragments from bone marrow stem cell line
megakaryocytes [88]. Platelets are less numerous (150,000-450,000/ mL), shorter lifespan
(7-10 days) [89], and smaller (average diameter 2—4 pum) compared to erythrocytes [88].
Platelets are commonly used for vascular injury, wound healing, inflammation, and
hemostasis following thrombosis [90]. Due to the ability of platelets regarding immune eva-
sion [91], subendothelial adhesion, and pathogen detection [92], platelet-membrane-coated
NPs have gained great attention over the past few decades.

Xu et al. synthesized YGRKKRRQRRR-NH,-modified platelet membranes coated with
neuroprotectant (ZL006e) and recombinant-tissue-plasminogen-activator-loaded polymeric
NPs of glucan derivatives (TP-NP-rtPA /ZL006e). It was found that the cell penetration rate
of TP-NP-rtPA /ZL006e in BCECs cells was significantly higher than that of free ZL0O6e.
The concentration of TP-NP-rtPA /ZL006e in the brain was 14.6% after injection of coumarin-
6-labeled TP-NP-rtPA /ZL006e into a mouse model, which was higher than that in liver
tissue at 2 h administration. TP-NP-rtPA /ZL006e was found to penetrate the BBB and
accumulate in injured neural tissue [93].

4.1.3. Leukocyte

Leukocytes, commonly termed as white blood cells, are between 7 and 20 pm in diam-
eter, larger than erythrocytes due to their nucleus. Leukocytes play an important function
in protecting bodies from infection and injury and are widely distributed in blood arteries,
lymphatics, and other organs. The CD11b protein on the surface of leukocyte membranes
can target activated BCECs and evade uptake by the mononuclear phagocytosis system
via CD45 protein [94]. Based on the characteristics of receptor proteins on the leukocytes
membrane, the leukocytes membrane can be used as a general tool for therapeutic drug
delivery [95]. Leukocytes come in five different subtypes: neutrophils (NCM), eosinophils,
basophils, lymphocytes, and monocytes. Leukocytes are the guardians of the body, with
unique physicochemical and biological properties. Therefore, NPs disguised with leuko-
cyte membranes have the effect of evading opsonization and delaying uptake [96]. As the
existence of nuclei, leukocytes are more difficult to be extracted and purified. Despite of
their flaws, white blood cell membranes also are excellent candidates for NPs encapsulation
due to their capacity to target and regulate tumors and inflammation.

Mesoporous Prussian blue nanozyme, which has a cell membrane coating of NCM
(MPBzyme@NCM), was created by Feng et al. After co-culture with MPBzyme@NCM and
Transwell system (bEnd.3 and mouse microglia cells), it was found that MPBzyme@NCM
could not only cross BBB but also had strong reactive oxygen species scavenging abil-
ity. Fluorescence imaging of mice injected with fluorescein isothiocyanate labeled MP-
Bzyme@NCM showed that NCM coating promoted continuous accumulation of MP-
Bzyme@NCM in brain tissue compared with NCM or non-coating [97].
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4.1.4. Macrophages

Macrophages are immune cells that recognize, engulf, and digest cellular debris and
other foreign substances that lack biomarkers of their own [98]. Recently, macrophages have
attracted much interest and have been developed to contain NPs [99]. As a kind of immune
cell, macrophages have the function of immune evasion [98]. NPs that have been enclosed
by the MA can easily move between macrophages, extravascular tissues, and blood vessels.
Studies have shown that pathogeny of AD is related to damage of BCECs [100], which se-
crete adhesion molecules caused by immune cells. Thus, macrophages could be transferred
to the lesion site and participate in various stages of AD [101].

Long et al. prepared Baicalin liposomes (BA-LP) modified with MA (MA-BA-LP).
Intensity and duration of fluorescence in brains of mice injected with MA-DiR-LP in tail
veins were substantially higher than those in the DiR-LP group. The findings demonstrated
that MA-BA-LP had a greater brain targeting impact than BA-LP [102].

4.1.5. Cancer Cells

Cancer-cells-modified NPs can be easily bound to homologous tumor cells because
of the homologous adhesion molecules on cell membranes, such as lectins, integrins, cad-
herins, selectors, and proteins [103]. Cancer-cell-membrane-modified NPs have strong
homologous targeting capabilities without the need for laborious surface modifications,
and they can be employed to deliver medications or contrast agents to specific tumors [104].
As a result, NPs coated with cancer cell membrane also can improve cellular uptake, tu-
mor targeting, and accumulation in addition to enabling endogenous biomimetic “stealth”
administration in vivo [105]. Furthermore, it has been established that one of the best
strategies to improve NPs” ability to be biocompatible for treatment of homologous ma-
lignancies is through cancer cell membrane. Studies have shown that NPs disguised as
glioma cell membranes have the ability to cross the BBB and long-term circulation [11], but,
unfortunately, treatment of AD with cancer-cell-membrane-modified NPs is unclear [106].

4.1.6. Membrane Hybridization

Multi-membrane-modified NPs showed better performance compared with single-
membrane-modified NPs [107]. Membrane hybridization can introduce membrane proteins
specific to one cell type into another, giving the hybrid membrane greater targeting ability.
Membrane hybridization can also enhance the immune escape of NPs by introducing
another membrane with stronger stealth ability. Membrane hybridization is also used
to introduce “homologous” characteristics that reduce unnecessary cells [108]. Mixed
membranes exhibit superior biocompatibility, reduced immunogenicity, prolonged cyclicity,
homologous targeting capability, and stimulation of the innate or adaptive immune system.
For instance, modification of NPs by fusing of platelets and other functional membranes
allows them to target damaged areas and treat diseases such as atherosclerosis and acute
inflammation. Bionic neutral granulocytes and macroscopic cells with collaborative tumor
micro-environment modify nano-particles to treat homologous tumors [109].

4.1.7. Other Cells

In a particular design found in the study, Niu et al. attached doxorubicin-loaded
heparin NPs to the surface of native grapefruit extracellular vesicles, creating biomimetic
grapefruit for drug delivery NPs; compared with traditional cell membrane encapsulation,
the therapeutic effect of modified NPs can reach 4 times the drug loading. Biomimetic
grapefruit NPs can bypass BBB and enter glioma tissue through receptor-mediated cell
penetration and membrane fusion, which greatly promotes cellular internalization and
anti-proliferation capabilities and extends the cycle time [110].

4.2. Isolation of Cell Membrane

Natural, intact, and functional cell membranes are separated from source cells by
destroying or lysing cells to empty their intracellular components. Cell membranes can be
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separated from blood or tissues by ultrasound, freeze—thaw, extrusion, hypotonicity, and
Dounce homogenizers (summarized in Figure 13).
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Figure 13. Schematic representation of different methods for isolating cell membranes from native cells.

4.2.1. Ultrasound

Ultrasound is a technique that agitates cells and their constituent parts with sound
energy. The tube containing the cell suspension is placed in an ultrasonic bath [111]. The
alternating process of compression and expansion through different acoustic frequencies
produces intense shock waves (inertial cavitation) [112] and high-velocity microjets [113],
known as cavitation. The cavitation leads to cell rupture and cell lysis, which makes it easier
to separate the cell membranes. However, ultrasonic membrane separation technology still
has some shortcomings. For example, free radicals generated in the process of ultrasound
can affect the internal structure of cell membrane. The increasing temperature of the
medium can change the properties of membrane proteins, resulting in unstable yield of
cell membrane [80]. To prevent permanent harm to cell membranes, the power, frequency,
time, and temperature parameters should be carefully optimized.

4.2.2. Freeze—-Thaw

Freeze-thaw method is a gentle, simple, and convenient method of cell membrane
isolation. The culture dish holding the cell suspension is quickly thawed at 40 °C or at
ambient temperature after being instantly frozen at —15 °C to —20 °C (either dry ice or an
ethanol bath). Cell destruction occurs after at least two cycles of freezing and thawing [114].
This is because cells grow larger by forming frozen ice crystals, which then contract as they
melt. When the sizes of the ice crystals cells are periodically changed, the cells rupture and
the membranes are separated. During freezing and thawing cycling, proteins embedded in
the cell membrane are damaged and protein activity will be inhibited.

4.2.3. Extrusion

Cell membranes with large cross-sectional area are extruded through a die to obtain
cell vesicles with smaller cross-section. After pretreatment of membranes with large cross-
sectional areas, the cell membrane is mechanically pushed through a mold with a specified
cross-section to obtain cell membrane vesicles of a certain desired shape and size [115].
The cell suspension is pushed through a membrane filter on the device using a liposome
extruder to obtain cell vesicles in specified size range [116]. The main elements influencing
the size distribution of the extruded material are pushing pressure, pushing timings, and
pore size of the filter membrane. Extrusion can be conducted at room temperature or above
the recrystallization temperature of the material.
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4.2.4. Hypotonicity

When the hypotonic lysate is added to the culture dish containing the cells, the water
molecules in the hypotonic lysate will diffuse into the cells and increase the volume of the
cytoplasm, resulting in rupture of the cells to acquire the cell membrane [117]. Alternatively,
cells are suspended in an ice bath in hypotonic lysis buffer for 15 min and then homogenized
to obtain a supernatant containing cell membrane fragments and cytoplasmic extract. The
pH and osmotic pressure of the lysate are regulated by buffer salts and ionic salts. The ready-
to-use, detergent-free hypotonic lysis buffer (10 mm Tris HCI, pH 7.5) has a noticeable
impact on cell lysis and cell membrane isolation; 0.25% PBS or 0.4% NaCl [80] is also
recommended as a hypotonic lysis buffer for cell membrane isolation.

4.2.5. Dounce Homogenizer

Homogenization is a process of micronizing and homogenizing dispersion in a sus-
pension (or emulsion) system. The Dounce homogenizer [118] is a cylindrical glass tube
with two grinding rods of different sizes in each set. The smaller rod for preliminary tissue
separation and the larger rod for finishing grinding are appropriate for cell suspension
or soft tissue grinding, moderate homogenization of eukaryotic cells, and organelle sepa-
ration [119]. The cells are placed in a Dounce homogenizer with the appropriate volume
of lysis buffer. They are first tapped with a loose rod, and then a large and tight stick is
tapped up and down in the glass bottle, usually five to ten times, to obtain the disrupted
cell membranes. Previous studies showed that the combination of Dounce homogenizer
and hypotonic lysis buffer can achieve better cell lysis effect [120]. Use of a hypotonic
buffer caused the cytoplasm to swell, and then the cell membrane is obtained by gently
breaking the cell by mechanical force using a Dounce homogenizer. Because the spherical
design of the pestle head effectively reduces heat generation during friction, the Dounce
homogenizer can avoid the effect of heat accumulation on the protein activity on the cell
membrane surface.

4.3. Fusion of Membrane Vesicles and NPs

After the cell membrane is extracted, the extracted cell membrane vesicles need to be
fused with NPs to form cell membrane biomimetic NPs. Several methods have been pro-
posed to fuse cell membranes with NPs, including co-extrusion (by mechanical extrusion),
ultrasound (endocytosis by ultrasonic energy), extrusion/microfluidic electroporation (by
electrical pulses), etc. (Figure 14).
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Figure 14. Schematic representation of different methods for fusing cell membranes with NPs.

4.3.1. Co-Extrusion

In the co-extrusion method, the cell membrane suspension and the NPs suspension are
mixed in certain proportion. The mixed suspension is co-extruded multiple times through
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a porous filter membrane of the specified size of the extruder [102]. After extruder, NPs are
wrapped by cell membrane vesicles to form cell membrane biomimetic NPs. The excess
cell membrane vesicles and NPs are discarded by centrifugation. The lower residues after
centrifugation are retained as cell membrane biomimetic NPs [116]. Co-extrusion method
is easy and simple, and the desired size of cell membrane NPs can be obtained by adjusting
the pore size of the filter membrane [121].

4.3.2. Ultrasound

The mixture of cell membranes and core NPs is incubated under the effect of ul-
trasound to obtain cell membrane biomimetic NPs [122]. The energy generated by the
ultrasonic wave is destructive, which can make the cell membrane spontaneously remodel
on the NPs to obtain cell membrane biomimetic NPs. Compared with the co-extrusion
method, the ultrasonic method has less material loss and simple operation, which shows
better application prospects. The ultrasonic method can also fuse multiple membranes to
form membrane hybrids, giving the cell membrane more targeting capabilities. However,
the film coating formed by ultrasonic method may not be uniform, and the long-term
ultrasonic process will also break the NPs.

4.3.3. Microfluidic Electroporation

Microfluidic electroporation technology is a new technology developed in recent years
that simultaneously solves the problems of destruction of NPs via ultrasonic/extrusion
and time-consuming and labor-intensive nature of the co-extrusion method [123]. When
the cell membrane suspension and the NPs suspension are separately injected into the
instrument, the two components will first be combined in the first channel (Y shape),
then mixed in the second channel (S shape). Under electrical impulses in the perforated
area, NPs will penetrate into the cell membrane vesicles, and, finally, the cell membrane
biomimetic NPs will be collected from the chip [124]. Even though the synthesis process is
relatively complex, this method has high synthesis rate and good parallelism with great
potential [125].

4.3.4. Other Coating Methods

In addition to the three methods summarized in Table 2, methods such as freeze—
thaw /ultrasound, extrusion/ultrasound and stirring, extrusion/electroporation, and in
situ packaging can also be used to prepare cell membrane biomimetic NPs.

Table 2. Methods of fusion of cell membrane and NPs and their advantages and disadvantages.

Method Procedures

Advantages

Disadvantages

The mixed solution formed by mixing the cell
membrane suspension and the NPs suspension
is co-extruded through a porous filter membrane
of specified size with an extruder for many times

Co-extrusion

The steps are simple and
easy to use.
The multi-layer target
product can be prepared

Time-consuming and
labor-intensive.
Low synthesis rate

The mixture formed by mixing the cell membrane

Less loss of raw materials;

mass production is possible.

The biomimetic NPs

Uneven coating, easy to

Ultrasound suspension apd the NPs suspension is sorucated at formed are highly stable. form polydlspgrse particles.
a certain frequency for a specified time ' NPs are easily broken
Membrane hybrids can
be formed
The cell membrane suspension and NPs
Microfluidic suspension are mixed separately in the instrument, High synthesis rate and Complex operation process
electroporation flow through the electroporation area, and finally good parallelism p p p

the product is collected in the chip

234



Molecules 2023, 28, 2336

5. Targeting Peptides

Nowadays, application of membrane biomimetic NPs is becoming more and more
common, and the multifunctional demand for membrane biomimetic NPs is also increasing.
On this basis, peptides with additional functions can be used, which provide the particles
with various additional functions beyond the natural functions of the cell membrane,
greatly increasing application of NPs. The usual method includes (A) lipid insertion:
ligand—joint-lipid junctions are first synthesized and then the lipid chains are inserted into
the membrane depending on the fluidity of the bilayer lipid membrane [126]; (B) membrane
hybridization: by fusing a variety of cell membranes, the combined hybrid membrane
will have a variety of cell membrane functions [83]; (C) metabolic engineering: metabolic
substrates are first bound to functional parts and then incubated with cells to participate in
the absorption and metabolic processes, and metabolic engineering methods are expressed
on cell membranes [127]; and (D) genetic modification: genetically modified membranes
are created by selectively gene-editing cells, which are then coated with NPs [128]. The
most widely used and easiest way to apply is to prepare dual-function joints Malayside-
polyethylene glycol-active fat chemically modified living cells. Functional chains are
attached to the ends of specific targeting peptides, giving the native cell membrane more
function when the cell membrane is intact [129]. As shown in Table 3, a variety of targeting
peptides have been applied to treat brain diseases through BBB.

Table 3. Targeting peptides related to BBB and their protein sequences and corresponding targets.

Target Receptor or Transport Pathway Name Peptide Sequence Ref.
Angiopep-2 TFFYGGSRGKRNFKTEEY [130]

ApoB SSVIDALQYKLEGTTRLTRKRGLKLATALSLSNKFVEGS [131]

Low-density lipoprotein receptor ApoE LRKLRKRLL [132]
mApoE CWGLRKLRKRLLR [133]

Peptide-22 Ac-CMPRLRGC-NH, [134]

B6 CGHKAKGPRK [135]

D-T7 D-HRPYIAH [136]

Transferrin receptor 17 HAIYPRH [136]

p THR THRPPMWSPVWP-NH, [137]

THRre pwvpswmpprht-NH, [138]

CRT CRTIGPSVC [139]

Leptin receptor Leptin30 YQQILTSMPSRNVIQISNDLENLRDLLHVL [140]

RVG29 YTIWMPENPRPGTPCDIFTNSRGKRASNG-OH [57]

Nicotinic acetylcholine receptor DCDX GreirtGraerwsekf-OH [116]
D8 DRTGPRPAPREPW [141]

P . i h 1 Apamin CNCKAPETALCARRCQQH-NH, [142]
otassium or calcium channe MiniAp-4 H-[Dap]KAPETAL D-NH, [135]

. GSH y-L-glutamyl-CG-OH [143]

Glutathione transporter 23 HINTLSTIWKYRC [144]
o . TAT(47-57) YGRKKRRQRRR-NH, [145]
Adsorption-mediated endocytosis SynB1 RGGRISYSRRRFSTSTGR [146]
CGN D-GNHPLAKYNGT [136]

Unknown receptor TGN TGNYKALHPHNG [147]

TP10 AGYLLGKINLKALAALAKKIL-NH, [148]

LVFFA LVFFA [149]

AB aggregates KLVFF KLVFF [64]

881¢8 LPFFD LPFFD [147]

QSH QSHYRHISPAQV [150]

Sphingomyelin and ganglioside GT1B on neurons Tetl HLNILSTLWKYR [151]

Note: the amino acids are expressed in a single letter; the capital letter represents L-configured amino acids, and
the lowercase letters indicate D-type amino acids.

On this basis, bi-functional ligands can also be used to modify the cell membrane
surface (Figure 15).
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Figure 15. (A) Preparation of biomimetic NPs modified by targeting peptides. (B) Schematic illustra-
tion of the possible mechanism of stepwise targeting of cell membrane biomimetic NPs modified
with targeting peptides to the affected area through the BBB for treatment.

6. Concluding Remarks and Future Perspectives

Nanomaterials have been developed to treat AD based on promotion of drug delivery
across the BBB to achieve accumulation at desired sites. NPs carry therapeutic drugs by
encapsulation or surface modification, which has the advantage of effectively delivering
drugs to the target area and enhancing the therapeutic effect. Cell membrane biomimetic
NPs, which fuse NPs with the membrane of the extracted cell, have the main biological
traits and additional physiological functions of the source cell. Cell membrane biomimetic
NPs are shielded from the body’s immune system, which prevents immune cells from
being absorbed. Surface-modified targeting peptides on cell membrane biomimetic NPs
can improve the targeting capabilities and precision to a damaged location.

At present, biomimetic nanomedicine, represented by cell membrane biomimetic NPs
used to treat AD, is still in its infancy and has many problems that need to be improved
upon. First, maintaining stability of cell membrane biomimetic NPs is one of the issues that
must be resolved for application, which requires certain stability of drugs for long-term
effective preservation. Delivery efficiency of cell membrane biomimetic NPs is greatly
influenced by their size, shape, elasticity, and other physical and chemical properties. Addi-
tionally, therapeutic and diagnostic nanomedicine products are currently administered via
parenteral injection, typically intravenously. Oral administration is an ideal administration,
with high patient compliance. Due to low absorption of solid NPs and biochemical barriers
in the gastrointestinal tract, oral delivery of NPs has not proven feasible. Therefore, effec-
tive implementation of cell membrane biomimetic NPs administered orally will represent
significant advancement in the field of nanomedicine.
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