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Featured Application: This study on aluminum phosphate nanoparticles (AIPO4NPs) synthesized
through green methods has significant implications for advancing nanomaterial synthesis with
sustainable practices. By utilizing phytates extracted from Quercus suber somatic embryos, the
green synthesis approach not only provides a natural precursor for nanoparticle formation but
also emphasizes the environmental benefits of using plant-derived materials. The synthesized
aluminum phosphate nanoplates, characterized by their unique optical and structural properties,
show promising potential applications. This research paves the way for further innovations in
nanotechnology and environmental biotechnology, highlighting the role of sustainable methods
in the production of high-value nanomaterials.

Abstract: This study presents a novel green synthesis method for aluminum phosphate (AIPOy)
nanoplates using extracts from Quercus suber somatic embryos. Traditionally, metallic nanoparticles
are synthesized using harmful chemical reagents and solvents, but our approach leverages bioactive
compounds, such as phytic acid (IP6) from plant extracts, offering a more sustainable alternative. We
observed a high phosphate content of 23.6 uMol PO,%~ /mg dry weight (DW) in the extracts, which
is significantly higher than in other Quercus species. Characterization through UV-VIS spectroscopy
and XRD confirmed the formation of complex crystal nanoplates, where anisotropic aluminum phos-
phate with a triclinic crystal structure coexists with monoclinic structures, both forms of aluminum
phosphate tridymite. Electron microscopy (TEM and SEM) revealed the hierarchical organization of
these nanoplates, distinguishing them from the more commonly observed spherical nanoparticles.
Fourier-transform infrared (FTIR) spectroscopy further validated the incorporation of phytic acid into
the nanoplate structure. This innovative method not only advances sustainable nanomaterial syn-
thesis but also demonstrates the potential for unique optical and structural properties in aluminum
phosphate nanoplates, paving the way for future applications in specialized fields.

Keywords: green synthesis; aluminum phosphate nanoplates; sustainable methods; natural reducing
agents

1. Introduction

Aluminum nanoparticles have garnered significant attention and application across
a spectrum of technological and medical domains owing to their distinct physical and
chemical properties. In technological applications, these nanoparticles are particularly
prized for their ability to enhance the mechanical properties of materials [1]. They are
crucial components in the fabrication of high-strength composite materials used extensively
in industries demanding lightweight yet durable solutions, such as the aerospace and
automotive sectors [2]. The high surface area-to-volume ratio of aluminum nanoparticles
also makes them ideal for improving the performance of energy storage devices [3]. By
incorporating these nanoparticles into batteries and capacitors, manufacturers can achieve
enhanced energy storage capacity, faster charging rates, and improved overall efficiency in
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energy storage technologies. Moreover, in the realm of advanced electronics, aluminum
nanoparticles contribute to the development of cutting-edge electronic components [4].
Their excellent conductivity and compatibility with semiconductor materials make them in-
valuable for creating miniaturized devices, high-performance circuits, and other electronic
applications where precision and efficiency are paramount.

In the medical field, aluminum nanoparticles exhibit remarkable potential as thera-
peutic and diagnostic agents [5]. Engineered to be biocompatible and safe for biological
systems, these nanoparticles play a pivotal role in targeted drug-delivery systems [6,7]. By
functionalizing aluminum nanoparticles with drugs or therapeutic molecules, researchers
can precisely deliver treatments to specific tissues or cells within the body. This targeted
approach not only enhances treatment efficacy but also minimizes side effects associated
with traditional drug-delivery methods. Furthermore, aluminum nanoparticles are inte-
gral to emerging therapies such as photothermal therapy [8]. When exposed to certain
wavelengths of light, aluminum nanoparticles efficiently convert light energy into heat,
enabling precise and localized heating of targeted tissues. This capability is harnessed
in cancer treatment to selectively destroy tumor cells while sparing healthy surrounding
tissue from damage.

Additionally, aluminum nanoparticles serve as effective contrast agents in medical
imaging techniques like MRI (Magnetic Resonance Imaging) and CT (Computed Tomog-
raphy) scans [9]. Their ability to enhance the visibility of tissues and organs in imaging
procedures allows for more accurate diagnosis and monitoring of various medical condi-
tions. By improving the contrast and resolution of imaging, these nanoparticles facilitate
the early detection of diseases.

Aluminum phosphate nanoparticles exhibit unique properties that make them valu-
able in both technological and biomedical applications. In technological contexts, aluminum
phosphate nanoparticles are utilized as flame retardants [10,11] and in the production of
ceramics and glass [12,13]. Their ability to enhance fire resistance and mechanical strength
makes them essential in the construction industry, where safety and durability are criti-
cal considerations.

However, traditional methods of synthesizing aluminum nanoparticles present several
significant challenges. These conventional methods typically involve complex and energy-
intensive chemical processes, such as chemical vapor deposition, sol-gel processes, and ball
milling [1]. Such processes often require high temperatures and the use of hazardous chem-
icals, leading to the generation of substantial amounts of toxic waste. This not only poses
serious environmental hazards but also necessitates stringent waste management practices,
further increasing the overall operational costs. Moreover, the high energy consumption
associated with these traditional synthesis methods contributes to their environmental
footprint, making them less sustainable. The substantial energy and material costs involved
in these procedures significantly elevate the overall production expenses. As a result, these
high costs limit the feasibility of large-scale production of aluminum nanoparticles [14],
making it challenging to meet the growing demand in various industrial sectors. Addition-
ally, the high costs hinder the adoption of these technologies in emerging markets, where
economic constraints are more pronounced and sustainable, and cost-effective solutions
are in greater demand.

In this context, green synthesis emerges as a promising alternative to the production
of aluminum nanoparticles. This approach relies on the use of environmentally friendly
reagents and reaction conditions, thereby minimizing the generation of toxic waste and
energy consumption. The benefits of green synthesis extend beyond reducing environ-
mental impact; they also include cost reduction and improved biocompatibility of the
resulting nanoparticles. Therefore, the implementation of green synthesis techniques rep-
resents a significant advancement toward the sustainable and economical production of
aluminum nanoparticles, opening new opportunities for their application across various
industries [15].



Appl. Sci. 2024, 14, 8681

30f16

The principle behind green synthesis lies in harnessing the reducing power of bio-
molecules such as phenols, flavonoids, terpenoids, and enzymes present in these natural
sources. These biomolecules act as both reducing agents, facilitating the reduction in metal
ions (e.g., silver, gold, iron) to their respective zero-valent states, and as stabilizing agents,
preventing aggregation and ensuring the stability of the resulting nanoparticles [16]. The
process usually involves mixing a precursor solution of metal salts with an extract or
biomass under controlled conditions. As the reduction reaction proceeds, nanoparticles
nucleate and grow, guided by the biomolecules present in the natural extract.

Phytates, also known as phytic acid or inositol hexaphosphate (IP6), are chemical
compounds belonging to the family of polyphosphates. They consist of an inositol ring
with six phosphate groups attached at specific positions (Figure 1). Due to their structure,
phytates possess the unique ability to form insoluble complexes with metals.

Figure 1. Chemical structure of phytic acid [17].

In green synthesis processes, the presence of phytates (or phytic acid) in plant extracts
can play a significant role. Phytates, abundant in various plant tissues [18], act as natural
chelating agents due to their ability to bind metal ions through their multiple phosphate
groups [19]. In the context of green nanoparticle synthesis, phytates can serve dual roles:
they can act as reducing agents, facilitating the reduction in metal ions to form nanoparticles,
and as stabilizing agents, preventing the agglomeration of nanoparticles by binding to their
surfaces and providing stability.

Phytates serve as phosphorus storage compounds in seeds and grains, playing a
crucial role in phosphorus metabolism regulation in plants [20]. In the context of somatic
embryos, phytates are notably present due to their analogous role to seeds in mature
plants [21]. Somatic embryos are multicellular structures developed in vitro from plant
tissues, essentially functioning as initial “seeds” for the growth of new plants. Within these
structures, phytates act as natural phosphorus reservoirs, crucial for the metabolism and
early growth stages of plants during their initial developmental phase. The presence of
phytates in somatic embryos not only ensures the availability of phosphorus essential for
early growth but also influences key biological and biochemical processes that support the
viability and development of these precursor plant structures.

The objective of this study is to investigate and demonstrate the role of phytates
extracted from cork oak somatic embryos in the environmentally friendly synthesis of
aluminum nanoparticles. By leveraging their natural chelating and reducing properties, this
research aims to advance the green synthesis of sustainable and biocompatible materials.
Understanding this process is crucial for exploring applications of these materials in
nanotechnology and enhancing the efficiency of eco-friendly synthesis methods.

2. Materials and Methods
2.1. Plant Material and Extract Preparation

The plant materials used in this study included somatic embryos of cork oak obtained
from in vitro culture [22].

To prepare the plant extracts, the plant material was first frozen at —20 °C and sub-
sequently lyophilized to remove all water content. The resulting lyophilized powder was
stored at room temperature. For the extraction process, 100 mg of this lyophilized powder
was weighed and combined with 10 mL of distilled water. The mixture was then incubated



Appl. Sci. 2024, 14, 8681

4of 16

in a water bath at 80 °C with constant agitation for 15 min. After incubation, the solution
was centrifuged at 5000 rpm for 10 min to separate the supernatant, which is rich in phyto-
chemicals, from the solid residues of the plant powder. Finally, to ensure complete removal
of any plant tissue residues, the supernatant was filtered using a sterile 0.2-micron filter.
The filtered extract was stored under refrigeration at 4 °C, in the dark, until use. The shelf
life of the extract under these conditions was assessed for up to one month, during which
time it retained its effectiveness in nanoparticle synthesis with no significant reduction in
yield or quality.

2.2. Determination of Phosphate Content

The phosphate content in somatic embryo extract was calculated using the molybdate
blue method. In a dilute orthophosphate solution, ammonium molybdate reacts under
acidic conditions to form molybdophosphoric acid, a heteropolyacid. When vanadium is
present, yellow vanadomolybdophosphoric acid is produced. The intensity of the yellow
color correlates with the phosphate concentration. Absorbance was measured at 470 nm.

2.3. Green Synthesis of Metallic Nanoparticles

The synthesis of metallic nanoparticles began with the preparation of a stock solution
of aluminum nitrate nonahydrate, AI(NO3)3-9H,0, at a concentration of 1 M. This solution
served as the metallic precursor for the synthesis of aluminum nanoparticles (AINPs).
A concentration of aluminum nitrate nonahydrate 5 mM was used for the synthesis of
the nanoparticles, achieved by mixing 2 mL of extract with 12.5 puL of aluminum nitrate
nonahydrate (1 M) and 487.5 pL of distilled water. Subsequently, the mixture was placed in
an oven at 60 °C and maintained until complete evaporation of the liquid phase.

2.4. Characterization of Nanoparticles

There are several techniques available for characterizing the physicochemical proper-
ties of nanoparticles, including analysis of their shape, size, chemical composition, purity,
surface area, and crystalline phase. In this study, the following methods were employed:
UV-visible spectroscopy, which provided insights into size, shape, and concentration and
enabled identification of the compound through surface plasmon resonance (SPR) detection
for metallic NPs. X-ray diffraction (XRD) played a crucial role in determining the crystalline
system, size, and crystallization orientations in both amorphous and crystalline phases.
Transmission electron microscopy (TEM) was employed to examine the microstructures, al-
lowing for detailed observation of NPs size and morphology. Scanning electron microscopy
(SEM) provided detailed images of the surface morphology. Energy-dispersive X-ray spec-
troscopy (EDX) was used in conjunction with TEM and SEM to analyze the elemental
composition of the sample. Finally, Fourier-transform infrared spectroscopy (FTIR) was
utilized to identify functional groups and assess the chemical composition of the NPs.

2.4.1. UV-Visible Spectroscopic Analysis

A cuvette was prepared with 2.5 mL of the extract and using sterile distilled water as
a blank. UV-Vis spectroscopy was also used to measure the absorbance of the plasmon
responsible for the characteristic color observed during the synthesis of nanoparticles [23].
This technique was employed because, during nanoparticle synthesis, the color of the plant
extract darkened, indicating nanoparticle formation, at which point an absorbance peak
was recorded.

This spectroscopic study was conducted over a wavelength range of 200 nm to 700 nm
with a UV-Vis (Genesys 10S UV-Vis, Thermo Fisher Scientific, Shanghai, China). Both the
extract and the metallic nanoparticles obtained were analyzed at 15-min intervals without
agitation until one hour, at which measurements were taken both with and without agitation.
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2.4.2. X-ray Powder Diffraction (XRD)

The X-ray powder diffraction (XRD) profiles were obtained using an X Bruker D8
ADVANCE diffractometer, with a 2-theta range from 5 to 90 degrees. The analyses were
conducted at the Research Support Centre (CAI) for X-ray Diffraction of the Universidad
Complutense de Madrid, Ciudad Universitaria s/n, 28040 Madrid, Spain. The resulting
diffraction patterns were compared with reference patterns from the International Centre
for Diffraction Data (ICDD) database.

2.4.3. Transmission Electron Microscopy (TEM)

The nanoparticles were dispersed in 1 mL of water. TEM grids were prepared by
placing a drop of the nanoparticle solution on a carbon-coated copper grid and allowing it to
dry at room temperature. TEM analysis was conducted using a JEOL 2100 microscope at the
Centro Nacional de Microscopia Electronica, Av. Complutense s/n, 28040 Madrid, Spain.

2.4.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) images were recorded on a JEOL 7600 F instru-
ment at the Centro Nacional de Microscopia Electréonica, Av. Complutense s/n, 28040
Madrid, Spain.

2.4.5. Energy-Dispersive X-ray Spectroscopy (EDX)

This technique was used to understand the chemical composition and distribution of
elements within the NP sample. The analysis was performed at the Centro Nacional de
Microscopia Electrénica, Av. Complutense s/n, 28040 Madrid, Spain.

2.4.6. Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared (FTIR) spectroscopy measurements were performed using
a JASCO FT/IR-6200 spectrophotometer at the CAI of Physical and Chemical Techniques,
spectroscopy and Correlation Unit, of the Complutense University of Madrid, Plaza de
Ciencias, 2, 28040 Madrid, Spain. The results were analyzed and interpreted according to
the tables included in Callejas [24].

3. Results
3.1. Phytochemical Yield: Phosphate and Phytate Contents

The extraction process was efficient, yielding clear, phytochemical-rich supernatants
from the plant material (somatic embryos of cork oak).

The phosphate content in the extract from cork oak somatic embryos was determined
to be 23.6 tMol PO4>~ /mg DW, indicating a relatively high concentration of phosphate.
This high level of phosphate is likely due to the presence of phytic acid.

3.2. Synthesis of Metallic Nanoparticles

The formation of aluminum nanoparticles (AINPs) via green synthesis was visually
confirmed by observing the color change in the aqueous extract of cork oak somatic embryos
upon the addition of aluminum nitrate nonahydrate (Figure 2). Initially, the mix exhibited
a light yellow color, which gradually darkened to a deep yellow—brown over several hours,
indicating the progression of the reaction. Concurrently, “white clouds” formed within the
extract, slowly settling at the bottom and middle of the container (Figure 2B-D).

This color change became more pronounced when the extracts were incubated with
5 mM aluminum nitrate nonahydrate in an oven at 60 °C for several days. As the water
evaporated, the color intensified, becoming progressively darker. After three days, once
all the water had evaporated, spherical, crystalline, and porous structures were observed
at the bottom corners of the container. These structures represent the final product of
the aluminum nitrate nonahydrate reduction by the phytochemicals in the plant extract
(Figure 2F).
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Figure 2. Formation of aluminum nanoparticles from the reaction of the aqueous extract of cork
oak embryos obtained in vitro with aluminum nitrate nonahydrate (5 mM). (A-G) Time-lapse of the
synthesis. (A) Mixing of the aqueous extract of cork oak embryos obtained in vitro with aluminum
nitrate nonahydrate at time = 0. (B) Formation of a “cloud” at the top of the beaker. (C,D) The whitish
cloud moves to the bottom of the beaker (the beaker in (D) is placed on a blue background for better vi-
sualization). (E) Dark precipitation at the bottom of the beaker. (F) Formation of globular structures in
the corners of the beaker after drying and consequent removal of the supernatant. (G) Eppendorf tube
with the characteristic powder-like material collected from the beaker for further characterization.

3.3. UV-Visible Spectroscopic Analysis

UV-visible spectroscopic analysis was conducted to examine the aluminum phosphate
nanoplates synthesized using the cork oak extract. This analysis aimed to investigate the
optical properties and confirm the formation of the nanoplates.

The UV-visible spectra revealed a distinct absorption peak, indicative of the aluminum
phosphate nanoplates (Figure 3). The observed peak, typically associated with the surface
plasmon resonance (SPR) of metallic nanoparticles, confirmed the presence and formation
of aluminum phosphate nanoplates. Notably, an absorption peak was observed at 402 nm,
corresponding to the long wave region, which is characteristic of these nanoparticles.

300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700

Wavelength (nm)

Figure 3. The absorbance spectra from a dispersion of aluminum phosphate nanoparticles obtained
by green synthesis from AI(NOj3)3-9H,0 and cork oak somatic embryos extract.
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3.4. X-ray Powder Diffraction (XRD)

The XRD patterns of the nanoparticles synthesized using cork oak extract showed
distinct peaks corresponding to aluminum phosphate. The prominent peaks at specific 2
theta values matched the reference patterns for aluminum phosphate (AIPOy), confirming
its presence (Figure 4).

Intense diffraction peaks were observed at the following 20 values: 27.32°; 29.74°;
32.74°; 39.31°; and 44.69°. These peaks indicate the presence of aluminum phosphate,
corresponding to the reference 04-018-2837 from the ICDD database. Other peaks at 20
values were 23.51°, 41.54°, and 43.65°, which corresponded to the reference 05-001-0464
from the ICDD database. Thus, the XRD analysis revealed that the synthesized aluminum
phosphate nanoplates exhibited two distinct crystal systems. The primary crystal system
identified is triclinic (anorthic), as matched with the reference pattern 04-018-2837 from the
ICDD database. This system is characterized by its low symmetry, where all three axes have
different lengths, and none of the angles are 90°. Such irregularity in the crystal structure
is uncommon and highlights the unique formation of nanoplates via this green synthesis
method. This system’s structural complexity can lead to unique and direction-dependent
properties in materials. Three axes (a, b, and c) are all of different lengths. None of the
angles (x, 3, v) between the axes are 90 degrees; each angle is different. As a result, the
unit cell (the smallest repeating unit in the crystal) has a very irregular shape. The lattice
parameters of the phase are a = 6.13280 (10) A, b = 7.51510 (10) A, ¢ = 8.58010 (10) A,
o =98.2630 (7)°, B = 104.6220 (8)°, v = 102.1398 (8)°.

In addition, we also observed a secondary phase that corresponded to a monoclinic
crystal system, matched with reference pattern 05-001-0464. This system is defined by two
axes forming 90° angles, while the third angle deviates, giving it a different symmetry. The
presence of both triclinic and monoclinic phases suggests complex crystallization dynamics,
likely influenced by the composition of the cork oak somatic embryo extract.
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Figure 4. XRD profile of AINPs obtained by reaction of Q. suber somatic embryos extract with
AI(NO3)3-9H;0; in the insert, the table with the identifications. Peaks identifying the presence of
aluminum phosphate have been listed.

3.5. Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM), and
Energy-Dispersive X-ray Spectroscopy (EDX)

The transmission electron microscopy (TEM) and scanning electron microscopy (SEM)
analysis provided detailed insights into the morphology and size of the aluminum nanopar-
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ticles (AINPs) synthesized. Noteworthy, the nanoparticles synthesized using cork oak
somatic embryo extract exhibited a nanoplate morphology. These nanoplates were ex-
tremely thin (Figure 5A,B), transparent, and had a wide range of lateral dimensions. All
types of nanoparticles were well-dispersed with minimal aggregation, indicating effective
stabilization by the phytochemicals present in the plant extract.

High-resolution TEM and SEM images showed that the nanoplates had distinct edges
and faces, characteristic of their crystalline nature.

The elemental composition of the nanoplates has been deduced using EDX in conjunc-
tion with SEM and TEM. The EDX analysis of the cork oak-derived nanoplates confirmed
the presence of aluminum (Figure 5C,D), indicating a successful synthesis of phosphate
aluminum nanoplates.

JEOL 07/06/2024
X10.000 15.0kV SEI WD8Omm 12:16:02

Spectrum §

Clll 1 D
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¥ T T ARas: ARnas: T T ? 7 aanan; Aaaas; T T T T
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Figure 5. Transmission electron microscope (TEM) and scanning electron microscope (SEM) images
and EDX spectrum showing the presence of aluminum in the aluminum phosphate nanoplates
synthesized via green synthesis from aluminum nitrate nonahydrate and cork oak somatic embryo
extract. (A) TEM image (the transparency observed is due to the extremely thin nature of the
nanoplates); (B) SEM image; (C) EDX in coupling with TEM; (D) EDX in coupling with SEM.

3.6. Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectra for both the aqueous extract of cork oak somatic embryos and the
aluminum nanoparticles (AINPs) synthesized from this extract (Figure 6) reveal various
characteristic peaks, indicating interactions between phytochemicals and the nanoparticles.

The prominent peak at 3343 cm ™! in the extract suggests the presence of hydrogen-
bonded O-H groups, indicative of phenolic and polymeric compounds. The peak at
2934 cm~! corresponds to the asymmetric stretching of CH, and CHj groups in alka-
nes. A significant peak at 1608 cm™~!, shifting to 1621 cm~! in the AINPs, indicates the
presence of aromatic compounds and imines due to interactions with the phytochemicals.
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C-H bending peaks at 1445, 1401, and 1354 cm ™!, suggesting CH, bending in alkanes and
O-H bending in carboxylic acids. The peak at 1078 cm~! is commonly associated with
phosphate groups (PO43~) in phytate.

The broadening and less-defined nature of the O-H stretching peak in the AINPs
spectrum at 3332 cm ! indicates substantial interaction with the extract’s phytochemicals.
Alkyne and nitrile groups range 2328-2397 cm~!; peaks in this range may denote the pres-
ence of alkynes (C=C) or nitriles (C=N). Peaks around 1650-1750 cm™~! can indicate C=0O
stretching vibrations of carbonyl compounds, including aldehydes, ketones, and carboxylic
acids. Peaks at 1445, 1401, and 1354 cm ™! in the extract, shifting to 1348-1371 cm~ 1 in the
AINPs, indicate CH; bending in alkanes and O-H bending in carboxylic acids. Phosphate
groups range 1000-1100 cm~!; several peaks in this region in both spectra indicate the
presence of phosphate groups (P-O). Peaks around 500 cm ! in the AINPs spectra confirm
the presence of aluminum.

' Aqueous extract

: NPsAl

1371 1348

A I 3 1076

2000 1500 1000 500
Wavenumbers (cm2)

Figure 6. FTIR spectra of (blue) cork oak somatic embryos aqueous extract and (red) NPs.

4. Discussion

The synthesis of metallic nanoparticles has garnered significant interest due to its
diverse applications ranging from medicine to catalysis and the electronics industry. Tradi-
tionally, nanoparticle synthesis methods employ chemical reagents and organic solvents
that are harmful to the environment and costly to manage. These methods often re-
quire rigorous reaction conditions such as high temperatures and pressures to produce
nanoparticles with controlled size and shape. In contrast, green methods, such as the
one employed in this study, utilize plant extracts containing a variety of bioactive com-
pounds like polyphenols, flavonoids, and terpenoids, which act as natural reducers and
stabilizers of nanoparticles [16]. These biological extracts offer several advantages over
traditional methods, including cost reduction, process simplicity, and the ability to produce
nanoparticles with superior properties such as enhanced colloidal stability and potential
biocompatible applications.



Appl. Sci. 2024, 14, 8681

10 of 16

Using somatic embryos as a source of plant material can be likened to having a biofac-
tory of secondary metabolites under controlled conditions. This approach offers distinct
advantages compared to other plant extracts, as somatic embryos provide a consistent
and reproducible supply of bioactive compounds. Unlike natural plant sources that can
vary in chemical composition due to environmental factors, somatic embryos can be culti-
vated under controlled conditions, ensuring the production of metabolites in a predictable
manner [25]. This controlled environment not only enhances the yield and quality of sec-
ondary metabolites but also facilitates the standardization of experimental conditions [26],
making somatic embryos an ideal choice for applications requiring reliable and consistent
biochemical profiles.

The characterization of this plant extract from in vitro-derived Q. suber somatic em-
bryos, using UV-visible spectroscopy, revealed several significant absorbance peaks in
the range from 265 to 340 nm, with specific maxima at 265, 283, 300, and 310 nm. These
peaks are indicative of the presence of phenolic compounds and flavonoids (flavanones,
flavanones, and isoflavones), as described by Harborne [27]. Phenolic compounds and
flavonoids are well-known for their antioxidant properties and their ability to act as reduc-
ing agents in the formation of metallic nanoparticles [28]. Other plant materials similar
to somatic embryos, such as plant callus cultures, have proven equally promising in the
green synthesis of nanoparticles (NPs). Callus cultures are capable of producing a wide
range of bioactive compounds that facilitate the reduction and stabilization of metallic
NPs [29]. Nevertheless, phytates, ubiquitous in plant tissues, pose a challenge for direct
spectrophotometric analysis due to their lack of specific absorption spectra, necessitating
the use of indirect methods such as the molybdate blue method for detection in extracts.

Phytic acid, also known as inositol hexaphosphate or IP6, is a compound present
in plants. It serves as the principal form of phosphorus storage, especially in seeds. For
example, acorns of oak species exhibit significant amounts of phosphorus, although it is
possible to discern species-specific distribution patterns [30]. Furthermore, phosphorus
concentrations vary significantly across seed parts, notably six times lower in the pericarp
and testa compared to embryos. Our study determined a substantial phosphate content of
23.6 uMol PO,>~ /mg DW (equivalent to 2.24 mg/g in embryo tissue) in extracts from cork
oak somatic embryos. This is much higher compared to Quercus robur, where phosphorus
content in embryos typically ranges from 1.18 to 0.75 mg/g [31]. Probably, the species Q.
suber and the use of somatic embryos, which lack outer coverings, may influence the high
quantities of phytates in the extract.

Only water and a few minutes are necessary to completely remove the phytic acid
content from plant materials [32]. The interaction of plant material with hot water causes
the cell walls to rupture, allowing for soluble phytic acid to leach into the medium [33].
Given that phytic acid undergoes thermal decomposition at 150 °C for about one hour [34],
we can assume that phytic acid will be present in the extract, considering the conditions we
followed to produce it.

There are several properties of phytate that suggest its potential role in the green
synthesis of aluminum nanoparticles. Firstly, phytate possesses multiple negative charges,
which makes it an effective chelator of multivalent cations such as calcium, magnesium, and
iron [35]. It forms strong complexes with mineral cations through ionic interactions with
negatively charged phosphates [36]. Secondly, phytic acid serves as an important source of
antioxidants [37]. For instance, Khattab et al. [38] evaluated bioactive components in canola
seeds, including phytic acid, and determined its free-radical-scavenging activity using the
DPPH (1,1-diphenyl-2-picrylhydrazyl) method. Their findings showed that phytic acid
exhibited the highest DPPH-scavenging activity, indicating a superior antioxidant effect
compared to other components like condensed tannins and chlorophyll

Therefore, the significant role of phytate from Q. suber somatic embryos in the pre-
cipitation of aluminum nanoparticles in this experiment is plausible when mixed with
aluminum nitrate nonahydrate. The chelation mechanism limits the free aluminum ions
in solution, creating localized supersaturation conditions that promote the formation of
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crystalline nanoplates rather than other morphologies. This results in the formation of a
dark precipitate. The change in coloration of the aluminum nitrate solution caused by the
extract of cork oak somatic embryos is characteristic of nanoparticle synthesis. The extract
reacted slowly with the aluminum nitrate nonahydrate solution, producing a cloud that
settled at the bottom of the container before nanoparticle precipitation occurred.

UV-VIS spectroscopy is indispensable for analyzing the optical properties of nanopar-
ticles. The surface plasmon resonance (SPR) peak detected in UV-VIS spectra provides
specific information about the optical properties of nanoparticles. The position of the SPR
peak correlates directly with the size and shape of the particles, offering valuable insights
into their nanoscale structure and electronic configuration [39].

The absorption peaks may be attributed to specific electronic transitions within the
aluminum phosphate structure, which can be influenced by the presence of aluminum
and its interaction with phosphate groups [40]. The presence of multiple peaks in the UV-
VIS spectra, such as those observed at 345-360 nm and 402 nm for aluminum phosphate
nanoplates, indicates their anisotropic nature [41]. Anisotropic materials exhibit varying
physical properties along different axes, often due to their distinct two-dimensional shapes
and crystal orientation. In the case of nanoplates, these multiple peaks correspond to
different electronic excitations and surface plasmon resonance (SPR) modes, reflecting
their ability to interact differently with incident light depending on their orientation. In
an anisotropic material like nanoplates, the multiple SPR peaks between 345 nm and
360 nm might reflect interactions influenced by the plate’s thin dimensions along certain
crystallographic directions. They may be associated with plasmonic resonant modes that are
sensitive to certain dimensions of the nanoplates, possibly their thickness or combinations
of length and width. A prominent peak at 402 nm could also indicate specific optical
resonances or plasmonic effects due to another distinct dimension of the nanoplates, such
as the dominant length or width. At the nanoscale, surface effects become more pronounced.
The surfaces of aluminum phosphate nanoplates may interact with light in ways distinct
from bulk materials, leading to specific absorption characteristics [42].

The Full Width at Half Maximum (FWHM) provides a precise measure of the nanopar-
ticle size distribution. A narrow FWHM indicates a more uniform size distribution, whereas
a broader FWHM suggests greater variability in particle size. The narrow FWHM value of
53 nm suggests minimal variation in nanoparticle dimensions [39], which is advantageous
for applications requiring precise control over optical characteristics, such as in sensors and
photonic devices.

The nanoplates synthesized from cork oak have been identified as aluminum phos-
phate (AIPO4) through XRD analysis. Previous studies characterizing aluminum phosphate
nanoparticles [43—45] do not report the formation of nanoplates or utilize green synthe-
sis methods for their formation, contrasting with our findings. Furthermore, the crystal
systems identified in our nanoplates are triclinic (anorthic), a unique structure in the con-
text of AIPOy, and monoclinic. The triclinic irregular crystal structure can significantly
influence the material’s optical properties, potentially leading to direction-dependent be-
haviors such as birefringence, where the refractive index varies with the direction of light
propagation [46].

AlIPO;, exhibits crystal structures analogous to tridymite and cristobalite found in
SiO,. However, triclinicity is not typically observed in cristobalite or tridymite phases of
AIPOy, which typically crystallize in tetragonal or monoclinic forms. Tridymite in AIPOy4
undergoes a complex transformation sequence, culminating in monoclinic and triclinic
modifications at room temperature; both phases of tridymite coexist and are often intergrow
in the same crystal showing unique transformation behaviors, including multiple twinning
under specific conditions [47].

Thus, our discovery of monoclinic-triclinic aluminum phosphate nanoplates synthe-
sized via green methods represents a novel route to obtain these structures, potentially
offering new opportunities for applications in optoelectronics and other fields requiring
directional optical properties.
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Aluminum nanoparticles (AINPs) synthesized via green synthesis from cork oak
somatic embryos were also characterized using electron microscopy, TEM, and SEM. The
microscopic analysis revealed aluminum nanoplates with varying sizes yet consistent
structures. While not all nanoplates exhibit nanoscale dimensions uniformly across their
entire area, their significant transparency suggests that nanoscale dimensions are achieved
in at least one dimension in agreement with the XRD analysis. Importantly, the presence
of nanoplates instead of the more commonly observed spherical shapes of aluminum
nanoparticles [48,49], as evidenced in the microscopic images, underscores a unique aspect
of our study. The SEM image shows an irregular and complex surface with laminar and
possibly crystalline structures. The observation of large laminar formations along with
smaller structures in the SEM image suggests that the sample has a hierarchical organization.
The hierarchy in the structure may result from self-assembly processes, where particles
spontaneously organize into ordered structures [50].

To date, the scientific literature has extensively documented the synthesis of alumina
(aluminun oxide) nanoplates using various templates such as graphene oxide [51]. How-
ever, nanoplates of aluminum phosphate like ours have not been described. Our approach
represents a significant advancement by demonstrating the direct synthesis of phosphate
nanoplates, specifically aluminum phosphate (AIPO,), without the need for a templating
mold. This innovative method provides a novel pathway for obtaining nanoplate structures
in aluminum materials.

The EDX analysis confirmed the presence of aluminum in the nanoplates derived
from Quercus suber somatic embryos. In the TEM-EDX spectrum, around 2.01 keV, there
is a distinct peak that corresponds to phosphorus. There are several reasons why there
might be a discrepancy between the results of XRD (X-ray diffraction) and SEM-EDX
(energy-dispersive X-ray spectroscopy) in detecting phosphorus in a sample of aluminum
phosphate. XRD is a technique for analyzing crystalline structures that can identify com-
pounds and phases present in the sample based on diffraction patterns. On the other hand,
EDX identifies and quantifies elements present in a specific area. It is possible that XRD
detects the aluminum phosphate phase in the overall sample, while EDX may not detect
phosphorus if it is in a very low concentration in the analyzed region.

The green synthesis of AIPO4NPs starts with the dissociation of aluminum nitrate into
aluminum and nitrate ions in aqueous solution:

Al(NO3); —AP* + 3NO*~

The interaction of IP6 with cations like AI** is exclusively due to its numerous phos-
phate groups: these can bind to a single phosphate group, to two phosphate groups of the
same molecule, or phosphate groups from different molecules of IP6 [52].

The process would be as follows:

Interaction of IP6 with aluminum: Phytic acid (IP6) contains multiple phosphate
groups (PO43~), which can coordinate with metal ions such as AI**.

Formation of chelate complexes: In a solution, AI** ions can bind to phosphate groups
from different IP6 molecules to form aluminum-phosphate chelate complexes.

Cross-linking between IP6 molecules: The bonding between aluminum and phosphate
groups from different IP6 molecules contributes to the formation of larger and more
complex structures. This process can lead to the hierarchical organization observed in
SEM images.

Self-assembly and ordered structures: These complexes and bonds facilitate self-
assembly processes where IP6 molecules and AI** ions spontaneously organize into ordered
structures at various scales, as observed in the hierarchical organization mentioned earlier.

FTIR analysis enabled the comparison of the plant extract used and the interactions of
its phytochemicals with our AIPO4NPs. As observed in the results, the FTIR absorption
spectrum of the Quercus suber L. extract shows several peaks similar to those observed in
the FTIR spectrum of the AIPO4NPs.
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The hydroxyl groups (OH) in phytic acid can exhibit bending vibrations in the FTIR
spectrum. The bending vibrations of O-H typically appear in the range of 3200 to 3600 cm .
The first peak in the extract appears at 3343 cm ™!, indicating hydrogen bonds (O-H). The
peak at 1608 cm~! in the extract shifts to 1624 cm~! in the AIPO4NPs, indicating possible
interactions with aromatic compounds. In phytic acid, the CH; groups are present in the
cyclohexane ring that is part of the structure of IP6. The bending vibrations of the CHj
groups observed at 1445, 1401, and 1354 cm ™! in the extract shift to 1348-1398 cm ! in the
AIPO4NPs. The peak at 1076 cm ™! in the extract is attributed to the phosphate groups of
phytate [53]. Additionally, several peaks at 1000-1100 cm~! in both spectra indicate the
presence of phosphate groups (P-O), as described in phytates [54], corresponding mainly to
the vas(PO4) and vs(POy) stretching vibrations [55]. The peak at 824 cm ™! and one broad
band with a shoulder around 1300900 cm ! is characteristic of the trivalent compound
Al-IP6 [56]. Finally, the maximum of the 6as(PO,) band shifts at 488 cm ™! for Al-IP6.

In conclusion, the green synthesis of aluminum phosphate (AIPO,) nanoplates using
extracts from Quercus suber somatic embryos represents a significant advancement in
nanomaterials research. This study harnesses the unique properties of somatic embryos,
providing a consistent and reproducible source of bioactive compounds such as phytic
acid (IP6), which act in nanoparticle formation. The synthesized nanoplates exhibit distinct
optical properties evidenced by UV-VIS spectroscopy, showcasing multiple absorption
peaks indicative of their anisotropic structure inferred from XRD analysis. Characterization
through electron microscopy and FTIR spectroscopy further confirms their nanoscale
dimensions and chemical composition. The hierarchical organization observed in SEM
images suggests self-assembly processes, highlighting the innovative potential of this
green synthesis approach. This novel pathway not only expands our understanding of
aluminum phosphate nanoplate formation but also opens doors for future applications in
fields requiring directional optical properties and advanced nanomaterials.

Aluminum phosphates have a broad range of applications, as highlighted by Goj
etal. [57]. The unique properties of aluminum phosphate nanoplates are crucial in determin-
ing their potential across various fields. For example, studies have shown that hexagonal
and square planar morphologies of zinc aluminum phosphate nanoplates enhance catalytic
activity, particularly in biofuel production [58]. Additionally, the nanoporous structure
of aluminum phosphates has shown promise as electrode materials for energy storage,
offering superior capacitance and retention [59]. The self-assembly of these nanoplates into
chain-like architectures has also been found to improve charge transport and active site
availability in oxygen evolution reaction (OER) catalysis [60]. Their potential as a vaccine
adjuvant has been explored as well, with aluminum phosphate nanoparticles stabilized by
amino acids demonstrating biocompatibility without affecting antigen-specific antibody
production [61]. Furthermore, similar nanoplates have been employed in drug-delivery
systems, offering enhanced protein loading and controlled release [62]. Aluminum phos-
phate nanostructures also show promise as flame-retardant materials, owing to their stable
3D core-shell structures [63]. Recent research highlights the electrorheological behavior of
anhydrous aluminum orthophosphate particles with tridymite-like structures, showcasing
their potential in advanced rheological applications [64]. Additionally, the strong inter-
action of aluminum (III) with biomolecular phosphates such as ATP suggests significant
roles in biological processes like enzymatic reactions and signal transduction [65]. These
findings underscore the diverse potential applications of aluminum phosphate nanoplates,
demonstrating that their unique properties not only enhance performance in established
areas but may also lead to novel applications in advanced materials, environmental re-
mediation, and biomedicine. Future research will continue to explore these possibilities,
building on the foundational synthesis and characterization presented in this study.

5. Conclusions

The green synthesis of aluminum phosphate (AIPO4) nanoplates using extracts from
Quercus suber somatic embryos represents a notable advancement in sustainable nano-
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material production. This study demonstrates that plant-derived bioactive compounds,
particularly phytic acid, can effectively promote the formation of nanoplates under environ-
mentally benign conditions. Characterization techniques, including UV-Vis spectroscopy,
XRD, TEM, and SEM, revealed distinct optical and structural properties. Importantly,
both monoclinic and triclinic crystal phases of tridymite were identified, highlighting the
complexity and uniqueness of the synthesized nanoplates. These dual phases may offer
novel opportunities for applications requiring specific optical and structural characteristics.
This study underscores the potential of plant-based materials for the sustainable production
of advanced nanomaterials and opens avenues for future research on the scalability and
practical applications of these nanoplates.
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