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ABSTRACT

The development of nanoparticles with tunable size and stability is crucial for the development of safe and
effective drug delivery systems. Amorphous Magnesium Calcium Phosphate (AMCP) nanoparticles offer a
promising solution due to their biocompatibility, biodegradability, and ability to load bioactive substances.
However, their successful application is hindered by two main limitations: the tendency of the metastable
amorphous phase to crystallize into more thermodynamically stable forms and the propensity for aggregation in
the absence of stabilizing agents, which compromises their nanoscale properties. This study focuses on the
preparation and characterization of AMCP nanoparticles stabilized with polyacrylic acid (PAA), with the purpose
of understanding whether variations in the synthetic Ca/Mg ratio and PAA molecular weight (My,) influence
nanoparticles’ physico-chemical properties such as size, crystallinity, dispersibility and stability, along with their
solubility in different pH environments, to explore potential applications in the pharmacological field.

The results reveal that PAA acts as a remarkable stabilizing agent for AMCPs, significantly reducing aggre-
gation and enhancing dispersibility. Stability and size were strongly influenced by Ca/Mg ratio and PAA My,
demonstrating the crucial interplay between these factors in nanoparticles design. Incorporating PAA not only
delayed the thermal crystallization process but also improved the resistance of AMCPs to dissolution in acidic
environments, highlighting their potential for pH-responsive drug delivery applications. Additionally, a higher
magnesium content was found to enhance the stability of the amorphous phase, while PAA effectively prevented
the transformation of AMCP into hydroxyapatite under physiological conditions, further reinforcing its role in
achieving the desired nanoparticle properties.

1. Introduction

which can be either included into the crystal lattice or simply adsorbed
onto the crystal surface [3]. In addition to HA, various other CP phases

Calcium Phosphates (CP) represent a class of inorganic materials of
great interest due to their unique physico-chemical, biological, and
structural properties. They are the primary inorganic components of
vertebrate hard tissues, such as bones and teeth, whose mineral phase
closely resembles synthetic hydroxyapatite (HA) [1-3]. A notable
feature of biological apatites is their ability to incorporate foreign ions,

are found in biological tissues, including amorphous calcium phosphate
(ACP), amorphous magnesium calcium phosphate (AMCP), dicalcium
phosphate dihydrate (DCPD), tricalcium phosphate (TCP), and octa-
calcium phosphate (OCP) [2-4]. Due to their similarity to the inorganic
phases of biomineralized tissues, CPs and their ion-substituted de-
rivatives exhibit high biocompatibility and bioactivity, making them
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materials of great interest for applications in multiple areas. CPs have
demonstrated their potential as drug delivery systems: relevant exam-
ples include the work from Fu et al., who developed biodegradable and
pH-responsive Mn-doped CP nanoparticles containing glucose oxidase
and doxorubicin for orchestrated cooperative cancer treatment [5].
Interestingly, the intracellular dissolution of CP nanoparticles occurring
upon uptake in the acidic environment of endosomes/lysosomes can
induce intracellular Ca%* overload and apoptosis, to be exploited in
cancer therapy [6,7]. CPs were also recently used to co-deliver immu-
notherapy agents to treat melanoma [8] and, beyond cancer therapy,
rapamycin-loaded CP nanoparticles demonstrated their efficacy in the
treatment of atherosclerosis [9]. Out of note, CP nanoparticles have been
used for decades to prepare complexes with nucleic acids for gene
therapy, as it was recently reviewed by Xing et al. [10], and are also
promising as vehicles for the delivery of vaccines [11].

Among different type of CPs, the amorphous forms, ACP and AMCP,
have attracted increasing interest due to their biological relevance, as
their presence has been documented in dental enamel and in the
mammalian intestine, where they play a key role in immune surveillance
[12]. These amorphous phases are characterized by a disordered struc-
ture lacking long-range order and often play central roles in processes
such as biomineralization [13-16]. In many studies, they have shown
greater bioactivity compared to their crystalline counterparts [4].
However, they are metastable phases, characterized by high solubility
and low stability, leading to their eventual transition into more ther-
modynamically stable crystalline forms [2,17]. Therefore, stabilizing
ACP and AMCP represents a crucial challenge in the design of functional
materials for pharmaceutical applications.

Another critical aspect is particles’ size, a key parameter for modu-
lating their functional properties and in vivo pathways. In the biomedical
field, the control of particle size, ideally around 100 nm, is essential to
ensure stability, loading capacity, and efficient biodistribution [18-20].
Regarding the size of ACP particles, their constitutive structural unit is
the so-called Posner’s cluster, Cag(PO4)s, Which has a diameter of
approximately 1 nm [21]. During co-precipitation, numerous Posner’s
clusters rapidly aggregate to form spherical ACP particles with di-
ameters typically ranging from 30 to 100 nm. These primary nano-
particles further assemble rapidly into chain-like aggregates that can
reach micrometer-scale dimensions [22]. Moreover, in contact with the
mother liquor and depending on experimental conditions, ACP is
metastable and readily transforms into more stable crystalline phases,
which can display different solubilities, colloidal stabilities and surface
chemistry [23-25]. Therefore, strategies to improve their stability both
in terms of size and amorphous nature are crucial to preserve the
structural features of ACP and AMCP nanoparticles. The use of stabi-
lizing agents is an effective solution to prevent crystallization. Addi-
tionally, polymers containing functional groups able to interact with
calcium ions can modulate nanoparticles’ size by inhibiting or delaying
the aggregation process. Several approaches have been reported in the
literature for stabilizing calcium phosphate nanoparticles using organic
additives such as cyclodextrins, ethylene glycol, proteins, polymers, and
bisphosphonates [17,26-31]. It is also known that magnesium in-
fluences particles’ stability and size: magnesium stabilizes amorphous
phases by delaying crystallization, while an optimal Ca/Mg ratio mod-
ulates nucleation and growth, affecting the final particle size [32,33].
Besides magnesium, other ions affect the stability of ACP: for instance, it
was observed that in the presence of fluoride the aggregation of ACP
nanospheres and the nucleation of crystalline phases are retarded, thus
stabilizing the amorphous phase [34]. Notably, naturally occurring
small organic molecules such as citrate can stabilize ACP [35-37]. This
stabilization plays a key role in bone mineralization, as citrate consti-
tutes 2-5 % of the organic content in bone and is tightly bound to apatite
nanocrystals. The combined effect of fluoride and citrate is relevant in
the context of enamel biomineralization processes and to produce bio-
mimetic bioceramics [38-40].

Polycarboxylate polymers such as polyacrylic acid (PAA) can also be
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used to enhance amorphous phase stability and to control particle size.
PAA has been extensively studied for biomedical applications thanks to
its biocompatibility, biodegradability and pH responsiveness [41,42].
Additionally, PAA is used in wound healing and biomedical coatings,
providing protective and adhesive properties [43,44]. PAA has been
investigated for its role on the formation and stability of amorphous
calcium carbonate (ACC), and demonstrated its ability to generate
ACC-functionalized nanoparticles [45-49]. On a related note, similar
carboxylated polymers such as polyaspartic acid have demonstrated
their ability to stabilize ACC and regulate its crystallization pathways,
showcasing the significance of the process in the context of biominer-
alization [50-53]. Compared to ACC, the use of PAA to stabilize ACP has
been investigated to a much lesser extent [26,54]. Moreover, most
studies in the literature concerning PAA role towards ACC and ACP focus
on PAA’s stabilizing effect towards the amorphous phase, while little
attention was devoted so far to the exploration of its role in particles’
size control [26,46]. Although PAA interacts with particles’ surface
through calcium ion chelation, preventing aggregation and improving
colloidal suspension stability, it is crucial that stabilized particles
maintain their size and functional properties even after processes such as
drying and redispersion in aqueous media. Currently, most studies
dealing with CP nanoparticles only describe their size during synthesis,
neglecting the fate of the particles when dried and dispersed again in
solution, or providing unclear redispersion methods [17,26,27,30,55].
This aspect is though fundamental for the application of such systems in,
for instance, the biomedical field, where nanoparticles loaded with
active molecules or targeting agents are often prepared, dried and
dispersed in relevant media for in vitro tests with cells or even for in vivo
administration. An interesting example in this respect was reported in
the work by Adamiano et al., in which HA nanoparticles were dispersed
in a 5 % glucose solution before in vivo administration to mice [56].

Limited information is available in the literature regarding CP par-
ticles’ size after redispersion and possible strategies to improve this
process. Moreover, the combined effects of varying PAA molecular
weight and Ca/Mg ratio on the size, dispersibility, and stability of cal-
cium and magnesium phosphate particles have not yet been
investigated.

This study reports the synthesis and characterization of PAA-
stabilized amorphous magnesium calcium phosphate nanoparticles
(AMCP_PAA). The aim is to evaluate the influence of variations in the
Ca/Mg ratio and the molecular weight (M) of PAA on particles’ prop-
erties. To this end, a systematic analysis was conducted through the
synthesis of 12 different formulations, varying the concentrations of
precursor solutions to achieve four Ca/Mg ratios (0.2, 0.4, 0.6, and 0.8),
each combined with three different types of PAA (M, of 1.2, 8, and 15
kDa). The resulting particles were analyzed in terms of size, dis-
persibility, amorphous or crystalline nature, morphology, elemental
composition, thermal behavior, stability, and solubility in environments
with different pH values, to gain an in-depth understanding of their
physicochemical properties and potential pharmaceutical applications
as drug delivery systems.

2. Materials and methods
2.1. Materials

Calcium chloride (CaCly, >98 %), magnesium chloride hexahydrate
(MgCly-6H20, >99 %), sodium chloride (NaCl, >99 %), potassium
chloride (KCl, >99 %), potassium dihydrogen phosphate (KH2PO4, >99
%), sodium phosphate dibasic dodecahydrate (NayHPO4-12H50, >99
%), acetic acid (CH3COOH, >99.7 %), sodium polyacrylate (PAA;
PAA1 2kpa, My = 1200 Da, 45 % wt in HoO; PAAgkpa, My, = 8000 Da, 45
% wt in Hy0; PAA;5kpa; My = 15000 Da, 35 % wt in H20), potassium
bromide (KBr, FT-IR grade), hydrochloric acid (HCI, 37 %) and acet-
aminophen (paracetamol - CgHgNO5, >99 %) were purchased from
Sigma-Aldrich (Milan, Italy). Sodium acetate (CH3COONa, >99 %) was
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obtained from Fluka (Milan, Italy). Milli-Q grade water (Millipore, re-
sistivity 18.2 MQ c¢m at 25 °C) was used during all the experiments.

2.2. Preparation of AMCP_PAA nanoparticles

AMCP_PAA nanoparticles were prepared by precipitation from an
aqueous solution, following a method readapted from the literature
[26].

Briefly, 100 mL of solution A (A; to A4, see Table 1) was mixed with
100 mL of solution B (B; to B4, see Table 2), at room temperature. The
resulting mixture was stirred for 1 h; subsequently, the colloidal
dispersion was distributed into six Falcon tubes, and 20 % (v/v) ethanol
was added to each tube to promote nanoparticles precipitation. The
precipitate was then collected by centrifugation at 9500 rpm for 15 min.
At the end the pellet in each Falcon tube was washed with 30 mL of Milli-
Q water. The resulting pellet was then freeze-dried for 24 h, at —55 °C
and ~100 mTorr (VirTis BenchTop freeze-dryer, NY, USA). The result-
ing samples are listed in Table 3 with their respective nomenclature.

2.3. Preparation of control particles (CP, CP_PAA, and AMCP)

Control samples (i.e. without either PAA or Mg) were synthesized
following a procedure similar to the one used for AMCP_PAA nano-
particles described in section 2.2. Specifically, CP and AMCP particles (i.
e. control samples without PAA) were prepared by mixing 100 mL of
solution A (Ag to A4, see Table 1) with 100 mL of solution By (see
Table 2), while CP_PAA nanoparticles (i.e. control samples without Mg)
were obtained by combining 100 mL of solution Ag (see Table 1) with
100 mL of solution B (B; to B3, see Table 2). All samples were then
processed using the same protocol as AMCP_PAA.

2.4. Characterization techniques

2.4.1. Dynamic light scattering (DLS)

DLS measurements were performed using a 90 Plus Particle Sizing
instrument (Brookhaven Instruments) at 25 °C, with a detection angle of
90°. Each measurement consisted of 10 runs, each lasting 10 s.

The light source was a solid state laser (. = 653 nm) and the scattered
intensity was detected by an avalanche photodiode detector. The re-
ported hydrodynamic diameters in this work represent the arithmetic
mean and the corresponding standard deviation of the average di-
ameters obtained from each run analyzed through cumulant analysis.

2.4.2. Laser granulometry

The size distribution of control samples (Sg.g, So.6, So.4 and Sg.2) was
analyzed by means of laser granulometry, using a Mastersizer 3000
(Malvern) with a Hydro SM dispersion unit. Water was used as a
dispersant, while the optical properties of calcium phosphate were:
density 3.14 g/mL, absorption coefficient 0.1, refractive index 1.63.
Measurements were conducted using a stirring speed of 1800 rpm, and
for each sample 15 runs of 10 s each (and 5 s of delay) were averaged.
Before adding the sample, the background (water) was measured for 15
s, then samples’ dispersion was added until an obscuration of ~3 % was
attained. The results are expressed as D1, Dsg and Doy (average +
standard deviation of 15 measurements).

Table 1
Composition of the solutions A used for the syntheses. The values of the Ca/Mg
salts molar ratio were approximated to one decimal place.

Solution A Ca/Mg salts molar ratio CaCl, [mM] MgCly-6H,0 [mM]
Ao - 14.0 0

A, 0.8 6.2 7.8

A, 0.6 5.2 8.8

As 0.4 4.0 10.0

Ay 0.2 2.3 11.7
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Table 2
Composition of the solutions B used for the syntheses.

Solution M,, PAA Repetitive unit concentration Na,HPO4-12 H,0
B (kDa) [mM] [mM]
Bo - - 200
B, 1.2 9 200
By 8 9 200
Bs 15 9 200

Table 3

Summary of the prepared samples and their corresponding nomenclature.
Solution Bo B, By B3
Ao Smgo Smgo_1.2kDa Smgo_skpa Smgo_15kDa
Ay So.s S0.8.1.2kDa So.8_8kDa So.8.15kDa
Ay So.6 S0.6.1.2kDa So.6_8kDa So.6.15kDa
Az So.4 S0.4.1.2kpa So.4_8kDa So.4.15kDa
A4 So.2 S0.2.1.2kDa So.2.8kpa So.2.15kDa

2.4.3. Field Emission-Scanning Electron Microscopy (FE-SEM)

FE-SEM analysis was performed using a Zeiss SIGMA FE-SEM (Carl
Zeiss Microscopy GmbH, Jena, Germany). The powders were mounted
on aluminum stubs using conductive tape. Micrographs were acquired
with an accelerating voltage of 2 kV, a sample-detector distance of ~2
mm, aperture of 10 pm, and an In-Lens detector.

EDS spectroscopy was performed using an X-act Silicon Drift De-
tector (Oxford Instruments, England). The spectra were collected with
an accelerating voltage of 10 kV, a working distance of approximately 8
mm, and an aperture size of 60 pm.

2.4.4. Bright Field Transmission Electron Microscopy (BF-TEM)

BF-TEM analysis was performed with a TEM JEOL JEM 2100 Plus
(JEOL, Japan) with a LaBg emitter, with an acceleration voltage of 200
kV. The instrument is equipped with an 8-megapixel Gatan (Gatan, USA)
Rio Complementary Metal-Oxide-Superconductor (CMOS) camera.
Samples were prepared by depositing a droplet (5 pL) of sonicated
particles dispersed in ethanol on TEM carbon-coated copper grids and let
dry in air. During imaging, the exposure time was limited to prevent any
possible beam damage.

2.4.5. Fourier Transform-Infrared spectroscopy (FT-IR)

FT-IR spectra were collected using a Bio-Rad FTS-40 spectropho-
tometer (Hercules, CA, USA). The samples were analyzed in KBr pellets,
prepared by mixing (1.00 + 0.05) mg of sample with (100 £+ 1) mg of
KBr. The spectra were acquired in the range 4000-400 cm™! using a
resolution of 2 cm ™}, 64 scans and scan delay of 600 s.

2.4.6. X-ray diffraction (XRD)

XRD patterns were collected using a D8 Advance with DAVINCI
design (Bruker, Milan, Italy), using as X-ray source the Cu Ko radiation
(wavelength 1.54 A), at 40 kV and 40 mA, a 20 range of 5°-50°, a step
size of 0.03°, and a time/step of 0.3 s. Samples were grinded with agate
mortar and pestle and flattened onto a Si zero-background sample
holder.

2.4.7. Thermal analysis

Thermal analysis was performed using a SDT650 (Simultaneous
Differential Scanning Calorimetry and Thermogravimetric Analysis)
from TA Instruments (New Castle, DE, USA) to monitor both weight loss
and heat flow profiles. Samples were placed in alumina pan and
measured under N atmosphere (flow rate: 100 mL/min) from room
temperature to 1000 °C (at 10 °C/min) for the powder samples. The PAA
solutions, however, were treated differently, following a three-stage
procedure: an initial heating ramp from room temperature to 80 °C (at
10 °C/min) followed by equilibration at 80 °C for 30 min to ensure
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complete evaporation of the water solution, and a final heating ramp
from 80 to 1000 °C at 10 °C/min.

The amount of PAA in the samples was determined by analyzing the
residual mass percentages of AMCP (Ramcp), AMCP_PAA (Rancp_pan),
and PAA (Rpas) according to Equation (1):

Ramcp
100

Ramcp_pan _ Rean
100 100

+(1-x)

(Equation 1)

where x represents the fraction of PAA, and (1-x) corresponds to the
fraction of AMCP in the composite sample.

2.5. Dispersibility evaluation

The freeze-dried samples were dispersed in Milli-Q water at a con-
centration of 0.5 mg/mL and sonicated using two different devices: a
probe sonicator (Branson 450 Digital Sonifier) and a bath sonicator (Falc
Instruments). For probe sonication, the samples were processed for 5
min at 30 % amplitude and power of 400 W. For bath sonication, the
samples were treated for 30 min at room temperature, operating at a
frequency of 59 kHz and 100 % power.

2.6. Stability assessment

To evaluate the stability of the samples towards crystallization and
dissolution in different conditions, AMCP_PAA nanoparticles and AMCP
particles (controls) were dispersed in buffer solutions at two different pH
values (5.0 and 7.4). Two buffers were prepared for this purpose. The
acetate buffer solution (pH 5.0) was obtained by dissolving sodium ac-
etate (CH3COONa, 70 mM) and acetic acid (CH3COOH, 30 mM) to reach
a final volume of 200 mL. The PBS buffer solution (pH 7.4) was prepared
by dissolving sodium chloride (NaCl, 137 mM), potassium chloride (KCI,
2.7 mM), potassium dihydrogen phosphate (KH2PO4,10 mM), and so-
dium phosphate dibasic (NagHPO4-12H,0 1.8 mM) to achieve a final
volume of 200 mL. These buffers were chosen to replicate conditions
typically encountered in the human body, namely pH 7.4 representing
physiological conditions and pH 5.0 mimicking more acidic environ-
ments, such as those found in intracellular compartments (e.g., endo-
somes and lysosomes) and in tumor microenvironments [57,58].

The samples were initially dispersed in the two buffer solutions at a
concentration of 0.5 mg/mlL, sonicated for 5, 10, and 15 min at 37 °C
with a frequency of 59 kHz and 100 % power using a bath sonicator (Falc
Instruments). The samples in PBS buffer were then maintained under
stirring in a water bath at 37 °C to simulate physiological temperature
and to study their long-term stability. Aliquots of 6 mL were collected at
various time intervals: 5 min, 10 min, 1 h, 6 h, 24 h, 1 day, 2 days, 3
days, and 5 days. The 6 mL were divided into six Eppendorf tubes,
centrifuged for 5 min at 15000 rpm, washed with a total of 6 mL of
water, and lyophilized. The samples were then analyzed by FT-IR,
following the procedure described in 2.4.5.

2.7. Drug loading, redispersion performance, and release experiments

To evaluate the performance of AMCP_PAA nanoparticles as a drug
carrier in a realistic scenario, a representative sample (So g 15kpa) Was
loaded with paracetamol as a model drug. Specifically, 25 mg of freeze-
dried nanoparticles were dispersed in 2.5 mL of an ethanolic solution of
paracetamol (10 mg/mL) using an ultrasonic bath, followed by gentle
stirring at room temperature for 2 h. After incubation, the suspension
was centrifuged at 15000 rpm for 10 min. The resulting pellet was dried
under a nitrogen stream, while the supernatant was collected for
quantification of the unloaded paracetamol (free drug). The concen-
tration of free paracetamol in the supernatant was determined by
UV-Vis spectroscopy, using a Cary 3500 spectrophotometer (Agilent)
and measuring absorbance at 243 nm. Prior to analysis, the supernatant
was diluted 1:2500 in ultrapure water, and water was used as the blank.
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A calibration curve was established by measuring a series of paraceta-
mol solutions prepared at defined concentrations in water.

The drug loading efficiency (LE%) and loading capacity (LC%) were
calculated as follows:

Initial drug — Free drug .
0 =

LE (%) Tnitial d 100 (Equation 2)

__ Initial drug — Free drug

LC (%)=
(%) Weight of nanoparticles

(Equation 3)

where Initial drugs is the amount (mg) of paracetamol initially present in
the ethanolic solution, Free drug is the amount (mg) of unloaded drug,
and Weight of nanoparticles refers to the mass (mg) of the freeze-dried
nanoparticles used for the loading process.

To assess redispersion, the dried drug-loaded nanoparticles were
redispersed in water using an ultrasonic bath and analyzed by DLS under
the same conditions as the unloaded particles (0.5 mg/mL
concentration).

For release experiments, 5 mg of paracetamol-loaded nanoparticles
were dispersed in 5 mL of PBS buffer (pH 7.4) using an ultrasonic bath
for 15 min to ensure homogeneous dispersion. The resulting suspension
was then transferred into a dialysis membrane (cellulose dialysis tubing,
average flat width 25 mm, Sigma-Aldrich), which was immersed in a test
tube containing 5 mL of fresh PBS (pH 7.4). The entire system was
maintained under continuous shaking at 37 °C to mimic physiological
conditions. At predetermined time intervals (1 min, 5 min, 10 min, 15
min, 20 min, 30 min, 40 min, 60 min, 90 min, 120 min, 180 min), 0.5 mL
aliquots were withdrawn from the external PBS medium and immedi-
ately replaced with an equal volume of fresh buffer to maintain sink
conditions. The collected samples were analyzed by UV-Vis spectros-
copy to determine the amount of paracetamol released over time.

3. Results and discussion

To optimize the experimental conditions for the synthesis of
AMCP_PAA nanoparticles, we carried out a series of preliminary ex-
periments, as detailed in the Supplementary Material (see Table S1-S4).
These tests enabled us to identify the optimal synthetic conditions for
AMCP_PAA nanoparticles. The final samples, listed in Table 3 with their
respective nomenclatures, were thoroughly characterized and the re-
sults are outlined in the following sections.

3.1. Size and dispersibility of prepared particles

The size of the synthesized particles was characterized using DLS
both during synthesis and after dispersion of the freeze-dried samples.
To this purpose, we analyzed an aliquot of the colloidal dispersion
collected after 1 h, as well as the lyophilized particles redispersed by
means of two different types of sonication (see section 2.5). The
normalized autocorrelation functions, along with the mean hydrody-
namic diameters and the corresponding standard deviations, are pro-
vided in Fig. 1 and Table 4.

The results show that the presence of PAA promotes the formation of
nanoparticles with a mean diameter in the range of several hundred
nanometers and a polydispersity (PDI) of 0.2 or lower, indicating a
relatively uniform distribution with some variability in particle sizes. In
contrast, samples synthesized without PAA exhibited highly variable
sizes exceeding 3 pm, likely due to spontaneous aggregation processes
[2,12]. To better characterize the size distribution of AMCP prepared
without PAA, laser granulometry experiments were carried out. The
results, reported as D1, Dsg and Dgg, show that particle diameters fall
within the micrometer range, confirming the formation of large aggre-
gates in the absence of the stabilizing effect of PAA (see Table S5).

The ability of PAA to dimensionally stabilize nanoparticles can be
explained by its polymeric structure, which is rich in carboxylic groups
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Fig. 1. Normalized autocorrelation functions (a, b, ¢) and mean hydrodynamic diameters with corresponding standard deviations (d, e, f) obtained from DLS
measurements for the colloidal suspensions during synthesis (aliquot collected after 1 h). (a) and (d) AMCP_PAA; > kpa; (b) and (e) AMCP_PAAg kpa,; (c) and (f)
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Table 4

Mean hydrodynamic diameters and polydispersity indices obtained from DLS measurements for the colloidal suspensions during synthesis and for the lyophilized
powders redispersed (by ultrasonic bath or ultrasonic probe). Samples Syg0, So.2, So.4, So.6, and S g are omitted from this table due to their sizes exceeding 3 pm, beyond
which DLS measurements become unreliable.

Sample Colloidal Suspensions During Synthesis Ultrasonic bath Ultrasonic probe

Hydrodynamic Diameter Polydispersity Hydrodynamic Diameter Polydispersity Hydrodynamic Diameter Polydispersity

(nm) (PDI) (nm) (PDI) (nm) (PDI)
Smgo_1.2kpa 129 £2 0.15 + 0.02 260 + 4 0.16 + 0.03 200 + 6 0.24 + 0.02
S0.8.1.2kDa 255+ 7 0.16 + 0.02 187 +£5 0.26 + 0.02 173+ 4 0.20 + 0.03
S0.6.1.2kDa 404 + 13 0.25 £ 0.03 232+ 4 0.28 £ 0.01 189 + 12 0.23 £ 0.02
S0.4.1.2kDa 703 + 35 0.28 + 0.04 207 £ 2 0.28 + 0.03 203 + 20 0.27 + 0.03
S0.2.1.2kDa >3000 0.40 + 0.04 252 + 24 0.24 + 0.03 204 + 18 0.21 + 0.03
Smgo_skpa 129+ 1 0.21 £ 0.01 276 £ 21 0.14 £ 0.01 228+ 5 0.21 £ 0.02
So0.8 8kpa 116 + 2 0.15 + 0.02 158 £ 2 0.22 + 0.02 143 +7 0.20 + 0.02
S0.6.8kDa 111 +1 0.16 £+ 0.02 142 £ 2 0.19 £+ 0.02 121 £ 5 0.21 £ 0.01
S0.4.8kDa 91+1 0.20 £+ 0.01 216 £ 6 0.25 £+ 0.02 185 + 23 0.22 £ 0.02
So0.2_8kpa 82+2 0.22 + 0.01 235+5 0.28 + 0.01 179 £ 12 0.19 + 0.02
Smgo_15kDa 138 +1 0.17 + 0.02 336 £7 0.27 + 0.02 221+ 8 0.25 + 0.04
S0.815kDa 131+ 2 0.17 +£ 0.01 170 £ 12 0.19 £+ 0.02 139+ 3 0.26 £+ 0.01
So0.6_15kDa 111 +1 0.13 £+ 0.02 151 +£2 0.18 + 0.02 116 £ 3 0.20 + 0.02
So0.4.15kDa 99 +1 0.19 + 0.02 172 £ 3 0.20 + 0.03 141 + 4 0.17 + 0.01
So0.2.15kDa 77 £2 0.20 + 0.02 170 £ 2 0.20 + 0.02 190 + 15 0.22 + 0.02

able to interact with the particle surfaces, providing steric stabilization.
PAA’s chelating properties enable the binding of metal ions such as
calcium and magnesium, forming complexes that prevent particle
growth and aggregation [26]. This limits agglomeration and ensures
uniform size distribution.

In samples containing PAAgkpq (Fig. 1b and e) and PAA;skpq (Fig. 1c
and f), we observed a reduction in the hydrodynamic diameter of the
colloidal suspension with the decrease of Ca/Mg ratio, corresponding to
an increase in magnesium content. Previous studies have reported that
magnesium can influence the nucleation and growth of calcium phos-
phate phases, stabilizing amorphous intermediates, increasing solubility
and affecting the crystallization process [59-61]. Our experimental re-
sults show that the particle size of both AMCP and AMCP_PAA decreases
as Ca/Mg ratio decreases, possibly due to the role of magnesium ions

during the initial stages of particle formation, where they may influence
nucleation density and consequently limit particle growth.

In contrast, samples prepared with PAA7 sxpq (Fig. 1a and d) exhibit
the opposite behavior, with larger particle sizes as the magnesium
content increases. These samples also display higher PDI values, ranging
from approximately 0.3 to 0.4, indicating a broader size distribution and
greater heterogeneity among the particles. We hypothesize that when
using this type of PAA, the high amount of Mg?" ions remaining in so-
lution after AMCP formation interacts with the free carboxyl groups in
PAA forming ionic “bridges” between particles and causing partial
flocculation (see a sketch of the mechanism in Fig. S1). This interpre-
tation is supported by the hydrodynamic diameter values obtained after
redispersing the lyophilized powders by sonication, which are signifi-
cantly smaller than during synthesis. This indicates that the structural
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units are in the nanometer range for all AMCP_PAA samples, and the
behavior of PAA 1.2 kDa reflects a reversible flocculation rather than
true particle growth. This is reasonably due to its smaller M,, that pro-
vides less steric repulsion, thereby facilitating a faster flocculation
process compared to the larger PAAs under investigation in this work.

Given that nanoparticles redispersibility is crucial in drug delivery to
ensure uniform drug distribution, prevent aggregation, and maintain
long-term stability thereby preserving the advantages of nanoscale di-
mensions, we measured the size of each sample after lyophilization and
subsequent dispersion in Milli-Q water by two types of sonication (see
section 2.5). As shown in Table 4, although most particles did not fully
regain their original sizes, all samples recovered dimensions in the range
of a few hundred nanometers, demonstrating excellent redispersion
capability. Additionally, the PDI values for all dispersed samples ranged
between 0.1 and 0.3. Notably, redispersion using a probe sonicator was
more efficient than through an ultrasonic bath, yielding to dispersions
with lower hydrodynamic diameters and requiring shorter sonication
times.

3.2. Morphological and elemental characterization

The morphology of the synthesized particles was first examined
using FE-SEM. As representative examples, the micrographs of Sy g and
So.s skpa are shown in Fig. 2a and b, respectively, while a comprehensive
overview of all samples is provided in Fig. S2-S4. Overall, both samples
display similar morphologies characterized by highly disordered and
aggregated structures, likely due to the lyophilization process. However,
in certain regions of the sample, smaller and partially disaggregated
structures can be observed (Fig. 2a and b); these are considered more
representative of the PAA-containing particles in dispersion and are
consistent with DLS measurements indicating particle sizes of hundreds
of nanometers. Notably, such isolated particles are more frequently
observed in the samples containing PAA compared to PAA-free samples
such as Sy g which also shows individual objects in the nano range but is
characterized by a DLS size exceeding 3 pm. This means that in solution
the nanoparticles which compose the structural units of AMCPs undergo
aggregation forming micrometric objects when no PAA is present in the
synthetic medium.

EDS analysis confirmed the presence of Ca, Mg, P, and O elements in
the particles. The elemental ratios are summarized in Table S6. As
illustrated in Fig. 2c, the Ca/Mg ratio in the particles increases with the
Ca/Mg ratio of the precursor salts used during the synthesis, in agree-
ment with previously reported literature findings [26,33]. Although the
Ca/Mg ratio in the final samples systematically varies with the synthesis
conditions, it does not directly match the initial ratio used during syn-
thesis. In fact, EDS shows that in all samples the Ca/Mg ratio in the final
particles is higher than the one of the synthetic solutions, demonstrating
a consistent preferential incorporation of calcium with respect to

Materials Today Nano 31 (2025) 100655

magnesium in AMCP particles. This evidence can be ascribed to two
possible mechanisms taking place in our system, namely i) the higher
affinity of PAA for calcium ions with respect to magnesium ions, which
leads to a preferential interaction of PAA with calcium; ii) the higher
solubility of magnesium phosphates with respect to calcium phosphates,
which favor the precipitation of the latter [33,62,63]. We hypothesize
that both factors contribute to the preferential incorporation of calcium
over magnesium into the final products, which thus consists of ACP
doped with Mg, with the amount of Mg in the final particles depending
on the concentration of MgCls relative to CaCl; in the synthetic solution.
Both factors likely contributed to the preferential incorporation of cal-
cium over magnesium into the final products.

To achieve a more detailed characterization of the samples’
morphology, high-magnification BF-TEM micrographs were acquired.
Fig. 3a and b show AMCP_PAA aggregates of different sizes, composed of
small clusters of amorphous magnesium-calcium phosphate embedded
within a PAA matrix. This suggests that the objects observed in DLS
measurements do not consist of individual inorganic particles coated
with a PAA layer, but are rather clusters of tens of nanometers in size,
which aggregate to form larger structures. Furthermore, these results
confirm that the unusually large particle sizes observed by DLS for the
colloidal suspensions during synthesis in the AMCP_PAA; 5xp, samples
are likely due to a flocculation process, rather than representing indi-
vidual particle sizes. EDS analysis coupled with TEM confirmed the
previously observed trends (Table S7). The Selected Area Electron
Diffraction (SAED) pattern (Fig. 3¢ and Fig. S5-S7) revealed the amor-
phous nature of the AMCP_PAA nanoparticles.

3.3. Structural and compositional characterization

Further investigations aimed at characterizing the structural nature
(whether amorphous or crystalline) and the composition of the samples
were carried out using FT-IR spectroscopy. Two main peaks relevant to
phosphate crystallinity analysis can be identified: the first, located be-
tween 550 and 600 cm ™, is attributed to the v4 asymmetric bending of
the phosphate group, while the second, around 1000 cm ™, corresponds
to the v stretching mode of phosphate [33,64]. A key parameter for
assessing the degree of crystallinity is the splitting of the peak associated
with the v4 (asymmetric bending) vibration of phosphate [64]. The
presence of split peaks in this region is indicative of a crystalline
structure, whereas a single, broad peak suggests an amorphous phase.

The FT-IR spectra for the different samples are presented in Fig. 4
and Figure S8. Specifically, the spectra of magnesium-containing sam-
ples (AMCP and AMCP_PAA) exhibit characteristic signals of AMCP,
whereas the spectra of magnesium-free samples (CP and CP_PAA) are
consistent with HA [2,31-33,64-67]. A detailed peak assignment is
provided in Table S8. These findings confirm the crucial role of mag-
nesium in stabilizing the amorphous phase, in agreement with literature
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Fig. 2. FE-SEM micrograph of (a) Sy g as control, (b) So g skpa representative of the morphology of all AMCP_PAA samples, and (c) plot of the semi-quantitative Ca/
Mg atomic ratios obtained by SEM-EDS vs the Ca/Mg molar ratio used in the synthesis. The reported data are the average + standard deviations of the values

obtained in 3 different sites of each sample.
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Fig. 3. (a and b) BF-TEM micrographs, and (c) SAED pattern of AMCP_PAA samples. The images presented correspond to the Sy g skpa Sample, which is representative
of the morphology of all other samples. Detailed micrographs of all samples can be found in the Supplementary Material (Fig. S5-S7).

—— AMCP_PAA
—— AMCP

——CP_PAA
——cCP

Transmittance %

4000 3500 3000 2500 2000 1500 1000 500
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Fig. 4. FT-IR spectra of CP particles (black curve, corresponding to sample
Smgo); CP_PAA (red curve, corresponding to sample Sygo skpa); AMCP (blue
curve, corresponding to sample Spg); and AMCP_PAA (green curve, corre-
sponding to sample Sggskpa). The spectra are offset along the y axis for
display purposes.

data [32,33]. Additionally, the incorporation of PAA into the CP_PAA
and AMCP_PAA samples is demonstrated by the presence of additional
signals corresponding to PAA molecules, which are not observed in the
control samples prepared without PAA (i.e. So.2, So.4, So.6; So.8 and Syigo)-
It is well known that PAA is able to chelate Ca®" ions [68-70] and, to a
lesser extent, Mg?" [71,72]. Following the chelation of PAA with Ca2"
ions, the C=0 and C-O stretching vibrations become strongly coupled,
leading to characteristic peaks associated with carboxylate (COO™)
stretching, observed around ~1560 cm™! (see Fig. S9) [26]. Further-
more, additional signals characteristic of long carbon chains can be
identified, particularly a band at approximately 1460 cm™!, which is
attributed to CHy scissor vibrations near the carboxyl group [73].

To confirm the structural features suggested by FT-IR, and SAED
analysis, XRD measurements were also carried out (Fig. S10). The
diffraction patterns confirmed the amorphous nature of AMCP and
AMCP_PAA samples. In contrast, CP samples exhibited diffraction pat-
terns characteristic of nano hydroxyapatite [74].

3.4. Thermal behavior and PAA quantification

The analysis of thermal degradation and heat flow profiles provides

insights into the properties of the particles. The thermogram of AMCP
(Fig. 5a) reveals that degradation occurs in three distinct stages: an
initial loss of loosely bound water between 30 and 140 °C, followed by
the release of strongly bound internal water from 140 to 560 °C, and
finally, a weight loss associated with the crystallization process between
560 and 680 °C, consistently with previous studies [33]. The inorganic
nature of AMCP results in a residual mass between 72 and 75 % at
1000 °C, depending on Ca/Mg. In contrast, AMCP_PAA exhibits a lower
residual mass (69-65 %) due to the presence of PAA. The thermal
decomposition of PAA (solution at 35-45 wt%) occurs in multiple
stages: first, the evaporation of the water in solution between 30 and
80 °C, followed by dehydration and the formation of PAA anhydride
from 80 to 200 °C [75,76]. These events are followed by the degradation
of the PAA anhydride between 200 and 500 °C, with CO, release and the
formation of a cyclic ketone, which further decomposes with CO loss
[75,76]. Finally, the degradation of the PAA backbone occurs between
600 and 900 °C.

The PAA content in the different samples can be quantified by
analyzing the residual mass of AMCP_PAA, AMCP, and PAA. The latter is
corrected for the weight loss due to water evaporation, as we tested a
35-45 wt% solution rather than a pure polymer. The corresponding
results (+1 %, instrumental uncertainty) for each sample are presented
in Fig. 5b and summarized in Table S9, while the thermograms of all
samples are provided in Figs. S11-S14 in the Supplementary Material. A
trend in polymer content as a function of the Ca/Mg synthetic molar
ratio can be observed, showing an overall increase in PAA content with
the decrease in Mg concentration, which suggests a greater affinity of
the polymer for calcium ions compared to magnesium ions.

Crystallization of ACP and AMCP is typically observed as an
exothermic signal in the heat flow profiles of the Differential Scanning
Calorimetry curves [33,77-79]. The temperature at which crystalliza-
tion occurs provides information about the thermal stability of the
amorphous phase. In our case the heat flow profiles shown in Fig. 6
indicate that amorphous particles crystallize at temperatures ranging
from 641 °C to 725 °C. All samples exhibit a single crystallization peak,
except for Sp.4, So.6, S0.8, S0.4.1.2kDa> S0.6_1.2kpas and Sp.g 1.2kpa; Which
undergo crystallization in two distinct steps.

Literature reports [33] suggest that an increase in magnesium con-
tent in the particles delays the thermal crystallization of AMCP. How-
ever, our results do not reveal any significant change in the
crystallization temperature with varying magnesium levels. Interest-
ingly, a stabilizing effect of PAA is consistently observed, as all
PAA-containing samples exhibit higher crystallization temperatures
compared to those without PAA, at the same Ca/Mg ratio. This effect is
particularly pronounced in samples with PAAgkp, and PAA;skpa, which
show the highest crystallization temperatures (Fig. 7).
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Fig. 5. (a) Thermograms of AMCP_PAA (black curve, sample S g skpa) compared to pure AMCP (orange curve, sample Sy g) and PAA (purple curve, PAAgip,); The
PAA solution was treated using a three-stage procedure to ensure complete water evaporation: an initial heating ramp from room temperature to 80 °C (10 °C/min),
followed by equilibration at 80 °C for 30 min. (b) Variation of PAA content in the prepared samples (& instrumental uncertainty) as a function of the Ca/Mg synthetic

molar ratio, determined through TGA analysis.
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Fig. 6. Weight corrected heat flow profiles (exo up) of (a) AMCP, (b) AMCP_PAA; 5xpa, (¢) AMCP_PAAgypa, and (d) AMCP_PAA;skpa.. The curves are offset along the y

axis for display purposes.
3.5. Stability assessment

Studying the stability of CP nanoparticles in buffer solutions at
different pH values is crucial for their application in drug delivery. In
physiological conditions (pH ~7.4), nanoparticles should remain stable
to ensure effective circulation and targeted delivery. However, under
acidic conditions (pH ~5), such as those found in intracellular

compartments like endosomes and lysosomes, as well as in the tumor
microenvironment, nanoparticles may undergo controlled dissolution,
facilitating drug release at the desired site. The ability to fine-tune
nanoparticle stability in response to pH variations is essential for opti-
mizing their performance in targeted therapies, minimizing premature
degradation, and enhancing drug bioavailability.

Stability tests were carried out on AMCP, AMCP_PAAgyp, series,
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Fig. 7. Plot of the crystallization T (peak onset) + standard deviation (calcu-
lated considering three replicates) vs the Ca/Mg synthetic ratio.

So.8.1.2kpa and So g 15kpa Samples to assess potential differences related to
Ca/Mg ratio or, for samples with the same magnesium content, the effect
of PAA molecular weight. Samples were incubated in buffer solutions at
different pH as detailed in section 2.6, then recovered by means of
centrifugation and freeze-drying, and finally analyzed by means of FT-IR
spectroscopy. Results (see Fig. 8a) show that PAA-containing samples
remain stable at least for five days in PBS buffer (pH 7.4), regardless of
PAA type or magnesium content.

In contrast, AMCP samples without PAA undergo conversion to HA
(Fig. 8a and Figure S15), with the transformation rate depending on
magnesium content. Sample Sy, which has the highest magnesium
content, remains stable in its amorphous form throughout the investi-
gated period. This observation underscores the stabilizing role of PAA in
preventing the crystallization of AMCP in solution, aligning with exist-
ing literature on its ability to preserve the amorphous form [26,46].
However, while previous studies have primarily focused on the thermal
stability of AMCP [26,46], our findings provide new insights by
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demonstrating the stabilizing effect of PAA in solution, offering a com-
plementary perspective on its role in maintaining AMCP in the amor-
phous state. The stabilizing activity of PAA can be explained by its
ability to chelate Ca?* ions, leading to the formation of more stable
PAA-AMCP complexes that may dissolve more slowly, thereby slowing
down the crystallization process, helpings the preservation of the
amorphous phase. An additional intriguing result was observed for
PAA-containing samples dispersed in acetate buffer (pH 5). While AMCP
samples without PAA were completely dissolved after less that 2 min of
incubation, PAA-containing samples retained a visible precipitate for at
least the first 5 min (Fig. S16a), with the Sg g gkpa sample exhibiting
maximum stability by retaining a visibile precipitate for 15 min. The
collected pellet from the Sp g skpa Sample was analyzed via FT-IR, and
the resulting spectrum (Fig. 8b) confirmed that the presence of PAA
endows AMCP with partial resistance to dissolution in acidic conditions
while still allowing their pH-responsiveness in acidic environment: in
fact, after 15 min of incubation in acetate buffer, no visible solid was
observed. Nevertheless, DLS measurements (autocorrelection function
shown in Fig. S16b) conducted after 30 min revealed the presence of
nanometric objects (mean diameter of (292 + 15) nm and polydispersity
of 0.17 £+ 0.03), which may correspond either to partially dissolved
nanoparticles or to complexes formed in solution between PAA and
calcium ions. Notably, it was not possible to collect these objects by
centrifugation, suggesting that they are more likely calcium-PAA com-
plexes rather than residual nanoparticles.

The pH responsiveness of PAA is well-documented in the literature
[80,81]. PAA is an anionic polymer whose conformation and properties
are strongly influenced by the pH of the surrounding solution due to the
presence of carboxyl (-COOH) groups along its backbone. At pH values
below its pKa (~5-6), the carboxyl groups remain predominantly pro-
tonated (-COOH), reducing electrostatic repulsions between polymer
chains and promoting intermolecular interactions through hydrogen
bonding among the carboxyl groups. This leads to a conformational
collapse of the polymer structure. Conversely, when the pH exceeds the
pKa of PAA, the carboxyl groups undergo deprotonation (-COO),
imparting a negative charge to the polymer. The resulting increase in
electrostatic repulsion between the -COO™ groups along the chain in-
duces a conformational transition toward an expanded structure
(swelling effect). This delayed dissolution in acidic environments can be
advantageous in drug delivery applications. A gradual dissolution of the
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Fig. 8. (a) FT-IR spectrum of freshly prepared AMCP (black curve, S » representative of all AMCP samples), Sy > pellet after dispersion in PBS buffer at pH 7.4 for 5
days (purple curve), AMCP pellet after 5 days (red curve, Sy g representative of all AMCP samples except Sy ») consistent with the presence of HA, freshly prepared
AMCP_PAA (blue curve, Sy g gkpa representative of all AMCP_PAA samples), and AMCP_PAA pellet after dispersion in PBS buffer at pH 7.4 for 5 d (green curve,
So.s_skpa representative of all AMCP_PAA samples). (b) FT-IR spectrum of the recovered AMCP_PAA pellet after at least 5 min of incubation in acetate buffer at pH 5
(black curve) compared to freshly prepared AMCP_PAA (red curve). Both spectra correspond to the Sy g gkpa Sample, which is presented as a representative example.
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nanoparticles might enable a more controlled release of encapsulated
drugs, potentially enhancing therapeutic efficacy. This feature is
particularly beneficial for targeted drug delivery to tumor tissues or
intracellular compartments, where a controlled and gradual release can
improve treatment effectiveness [82,83].

3.6. Drug loading and release behavior

To demonstrate the applicability of AMCP_PAA nanoparticles as drug
carriers, a representative sample (So g 15kpa) Was loaded with paraceta-
mol and evaluated in terms of redispersion and release performance.
UV-Vis quantification of the unbound drug allowed for the calculation
of drug loading efficiency (LE%) and loading capacity (LC%), both found
to be approximately 20 %, confirming the effective incorporation of
paracetamol into the nanoparticle.

Redispersion tests revealed that the drug-loaded nanoparticles
retained excellent colloidal properties, with hydrodynamic diameter
comparable to that of the unloaded sample (Fig. S17a). Furthermore, a
preliminary release experiment performed under physiological condi-
tions (PBS, pH 7.4, 37 °C) demonstrated the ability to release paracet-
amol, with a maximum of approximately 10 % of cumulative release
after 3 h of incubation (Fig. S17b). Although a comprehensive evalua-
tion of the drug release kinetics falls outside the scope of this work, these
preliminary results provide a first indication of the nanoparticles’ ability
to load and release a model drug, supporting their potential for future
drug delivery applications.

4. Conclusions

This study provides a comprehensive investigation of the synthesis,
characterization, and stability of AMCP_PAA nanoparticles, with a
particular focus on the influence of PAA molecular weight and the
relative calcium-magnesium content in the nanoparticles. The findings
highlight the crucial role of PAA in stabilizing AMCP nanoparticles, as
evidenced by the significantly reduced particle aggregation and
improved size uniformity compared to PAA-free samples. A major
contribution of this work is its focus on the redispersibility of nano-
particles after freeze-drying, an aspect often overlooked in previous
studies [17,26,27,30,55]. While most existing research focuses on par-
ticle size during synthesis, we show that PAA-stabilized AMCP nano-
particles maintain their nanoscale size upon redispersion, with
diameters of few hundred nanometers. Additionally, we compared two
sonication methods using a probe sonicator and a bath sonicator, finding
that the probe sonicator was more efficient, producing dispersions with
smaller hydrodynamic diameters and requiring less sonication time.
This feature is critical for practical applications, as nanoparticles are
often dried and reconstituted before use in biomedical settings.
Furthermore, this study explores, for the first time, how different com-
binations of Ca/Mg ratios in AMCP and varying PAA molecular weights
influence the stability, dispersibility, and crystallization of the nano-
particles. While previous studies have primarily focused on the thermal
stability of AMCP [26,46], our work investigates not only its thermal
stability but also its stability in aqueous environments, a fundamental
aspect for biomedical applications.

The structural and compositional analyses performed via FT-IR and
thermal analysis demonstrated that magnesium plays a key role in
delaying the thermal crystallization of AMCP, in agreement with liter-
ature reports [26,46]. Additionally, PAA further stabilizes the amor-
phous phase by chelating calcium ions, thereby preventing premature
crystallization.

Stability assessments in physiologically relevant conditions revealed
that PAA-containing AMCP nanoparticles remain stable in PBS (pH 7.4),
preventing conversion to HA, whereas PAA-free AMCP undergoes
transformation within 5 days except for Sg 2 which exhibits remarkable
stability due to its higher magnesium content. Furthermore, incubation
in acidic conditions (pH 5) induced a more gradual dissolution of PAA-
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containing samples, suggesting pH-responsive behavior that may be
beneficial for targeted drug delivery applications. The delayed dissolu-
tion effect, attributed to PAA’s pH-dependent conformational changes
[80,81], offers potential advantages for controlled drug release in acidic
environments such as tumor microenvironments or intracellular com-
partments. Future studies will focus on a more quantitative analysis of
the dissolution kinetics of AMCP, in the presence and absence of PAA.

Overall, these findings underscore the significance of both PAA
molecular weight and magnesium content in tuning the stability and
crystallization behavior of AMCP nanoparticles. The ability to tailor
these parameters offers promising prospects for the development of
stable, pH-responsive nanosystems for biomedical applications, partic-
ularly in drug delivery. Future studies will focus on optimizing these
formulations for specific therapeutic applications and evaluating their in
vitro and in vivo performance [82,83].
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