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Abstract: Background/Objective: The tocotrienol-rich fraction (TRF) is a lipid-soluble
vitamin that has good antioxidant and anti-inflammatory properties. The TRF is widely
studied as a potential treatment for various diseases, including bone diseases. However, its
application is limited due to its poor oral bioavailability profile, warranting an innovative
approach to overcome its pharmacokinetic limitations. Recently, the nano-hydroxyapatite
(nHA) has been investigated as a drug delivery vehicle for various drugs and active com-
pounds owing to its excellent biocompatibility, biodegradability, and osteogenic properties.
The nHA is also a well-known biomaterial which has chemical and structural similarities
to bone minerals. Hence, we aim to explore the use of the nHA as a potential nanocarrier
for the TRF. Methods: In this study, we develop and optimize the formulation of an nHA-
encapsulating TRF (nHA/TRF) by employing the response surface methodology (RSM).
Results: RSM outcomes reveal that the mass of the nHA, the concentration of the TRF,
and the incubation time have a significant effect on the particle size, zeta potential, and
encapsulation efficiency of the nHA/TRF. The outcomes for the optimized formulation are
not significantly different from the predicted RSM outcomes. The optimized nHA/TRF
formulation is freeze-dried and results in an average particle size of ~270 nm, a negative
zeta potential value of ~−20 mV, a polydispersity index of <0.4, and an encapsulation
efficiency of ~18.1%. Transmission electron microscopy (TEM) shows that the freeze-dried
nHA/TRF has a spherical structure. Conclusions: Taken together, the above findings
indicate that the nHA may be established as a nanocarrier for efficient delivery of the TRF,
as demonstrated by the promising physical properties.

Keywords: response surface methodology; central composite design; nano-hydroxyapatite;
tocotrienol-rich fraction; nanoformulation; nanocarrier

1. Introduction
Vitamin E is a large family of lipid-soluble vitamins, composed of tocopherols and

tocotrienols. Each group is further subdivided into four different isomers: alpha (α),
beta (β), gamma (γ), and delta (δ). Tocopherols and tocotrienols are well-known for
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their excellent antioxidant and anti-inflammatory properties, and have thus attracted
great interest among researchers interested in investigating their potential application
to nutraceuticals [1]. Interestingly, the therapeutic properties of vitamin E, especially
tocotrienols, have been shown to benefit various aspects of human health, including bone
health [2,3]. A study in normal male rats has shown that vitamin E supplementation for
four months is able to improve bone structural and biomechanical properties [4]. Vitamin
E can promote bone health by enhancing osteoblast activity (cells that are responsible for
bone formation), as well as by suppressing osteoclast activity (cells that are involved in
bone resorption) [5,6].

The tocotrienols-rich fraction (TRF) contains approximately 70% of tocotrienols and
about 30% of tocopherols. Previous studies have demonstrated that tocotrienols are su-
perior to tocopherols in improving bone strength [7]. For instance, Ahmad et al. (2005)
reported that rats supplemented with 100 mg/kg of a palm-oil–tocotrienol mixture were
protected against the negative effect of ferric nitrilotriacetate (free radicals) on the bone
histomorphometric parameters, i.e., trabecular bone volume and trabecular thickness. How-
ever, the same dose of α-tocopherol was not able to demonstrate similar findings [8]. In
another study, it has also been proven that tocotrienols are more effective than tocopherols
at improving the mineral apposition rate and bone formation rate in male rat models of
nicotine-induced bone loss [9].

Other studies have also employed TRF as a potential treatment for various bone
diseases. A previous study has reported that oral administration of TRF (dose 60 mg/kg)
improves bone fracture healing in rats with ovariectomy-induced osteoporosis through a reduc-
tion in the levels of free radicals [10]. A more recent study has also shown that TRF (30 mg/kg
body weight) alone and in combination with virgin coconut oil (4.2 mL/kg body weight) is
able to repair bone loss in animal models of osteoporosis [11]. In addition, supplementation
with TRF has been found to benefit inflammation-mediated bone loss, such as rheumatoid
arthritis and osteoarthritis, as TRF successfully reduces the plasma levels of pro-inflammatory
cytokines and C-reactive proteins and prevents cartilage degradation in rats [12,13].

Despite the various benefits of tocotrienols, their use as a potential adjuvant therapy
is still limited due to their poor oral bioavailability. Previous studies involving human
volunteers have reported that the time taken to achieve a peak plasma concentration of
orally administered tocotrienols is between 3 h and 4 h after the meal, and the elimination
half-life is between 2.3 h and 4.4 h [14,15]. In addition, studies have also shown that the
tissue uptake of tocotrienols is attenuated in the presence of tocopherol [16]. This is due to
the alpha-tocopherol transport protein (α-TTP), the main vitamin E transport protein in
the circulation, having a higher affinity with α-tocopherol compared to the other vitamin E
isoforms [16,17].

To address this issue, the application of nanotechnology is currently being explored
for efficient delivery and improved bioavailability of tocotrienols [18]. Previous studies
have demonstrated that the use of solid lipid nanoparticles (SLN) and nanostructured lipid
carriers (NLC) to deliver tocotrienols not only enhances its anti-cancer properties, but also
improves its oral bioavailability [19,20]. This is due to the enhanced intestinal permeability of
tocotrienol following encapsulation into SLN [20]. Similarly, studies have also reported that
tocotrienols prepared in the form of a self-emulsifying drug delivery system have improved
oral bioavailability owing to the increased intestinal absorption of tocotrienols [21,22]. In
addition, encapsulation of tocotrienols into polymeric nanoparticles using polymers such as
polyethylene glycols, chitosan, or poly (lactic-co-glycolic) acid has also been shown to improve
its cellular uptake, anti-proliferative activity, and oral bioavailability [23,24]. Taken together,
the use of nanocarriers is crucial for a more efficient delivery of tocotrienols; therefore, the
potential use of different forms of nanocarriers could be further explored.
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Hydroxyapatite (Ca10(PO4)6(OH)2) is one of the most commonly used biomaterials
in tissue engineering because it has a chemical and structural similarity to bone minerals.
Recently, studies have expanded into the use of the nano-hydroxyapatite (nHA) as a
potential carrier for various types of drugs or active compounds for targeted delivery to
the bone [25]. nHA, typically, has a small size within the nanometer size range which
allows rapid internalization, as well as providing a large surface area for the adsorption of
drugs and/or active compounds and cells [26]. Most importantly, the nHA is non-toxic, as
its degradation products, calcium (Ca2+) and phosphate ions (PO4

3−), are inherent to the
body and do not trigger an immune response [27]. A previous study has reported that the
release of vitamin K (VK) from the hydroxyapatite/VK nanocomposite is significantly high
and that hydroxyapatite possesses good biodegradation abilities for tissue engineering
purposes [28]. A more recent study has developed a sublingual osteoporosis therapy (SLOT)
by loading salmon calcitonin, an anti-resorptive agent, into hydroxyapatite nanoparticles
for improved efficacy in a rat model of osteoporosis [29].

Nevertheless, the most important aspects of nanoparticle development are the design
and optimization processes. To date, the most common approach or technique employed in
nanoformulation design and optimization is the utilization of the central composite design
(CCD) of the response surface methodology (RSM). CCD has been successfully used in
previous studies involving nanoformulation optimizations and has proved to be a good
and reliable model [30,31]. Briefly, CCD simultaneously evaluates the influence of several
individual variables on the outcomes of an experiment [32]. The optimization procedure is
performed using a Design of Experiments software, for example, Design-Expert®, which
requires choosing the variables involved, formulating mathematical equations, and running
a set of experiments in a randomized order by setting limits to the chosen variables [33].
The response surface contour plots are then generated to visualize the correlation between
the selected variables, thus allowing the optimum experimental conditions to be chosen for
the best possible outcomes.

To the best of our knowledge, no study has been published to date that establishes the
nHA as a carrier to improve the oral bioavailability of the TRF. Therefore, this study aims to
develop an nHA-encapsulating TRF (nHA/TRF) with an optimized condition for efficient
drug delivery. The optimization process is performed by employing RSM, specifically CCD.
The optimized nHA/TRF formulation is validated prior to further tests and its physical
properties and morphology are also characterized.

2. Materials and Methods
2.1. Materials

The TRF (EVNol™ 50%) used in this study was gifted by ExcelVite Sdn. Bhd., Perak,
Malaysia. The TRF was composed of about 11.3% α-tocopherol, 14.1% α-tocotrienol,
2.1% β-tocotrienol, 18.6% γ-tocotrienol, and 5.7% δ-tocotrienol. The nHA (nanopowder,
<200 nm particle size, ≥97% synthetic) and D-mannitol were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The Milli-Q filtering system (Milli-Q Direct 16, Merck Millipore
(Burlington, MA, USA) was used to deionize the water. All other solvents used were
analytical-grade reagents.

2.2. Central Composite Design

A three-factor three-level central composite design was employed to investigate the
effect of the independent variables, i.e., mass of the nHA (X1), concentration of the TRF
(X2), and incubation time (X3), on three dependent variables, i.e., particle size (Y1), zeta
potential (Y2), and encapsulation efficiency (Y3). A total of 20 CCD experiments were
conducted using the Design-Expert® software (version 6.0, Stat ease Inc., Minneapolis, MN,
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USA). The experimental design included six replicates of the center points, seven axial and
seven factorial points, in a randomized order. The center points were repeated to ensure
the reproducibility of the employed method. The data were analyzed using a response
surface regression analysis. A polynomial model was chosen based on the significant
terms (p < 0.05), the least significant lack of fit, the coefficient of variance, and the multiple
correlation coefficient (R2), as provided by the Design-Expert® software. The upper and
lower limits of the independent variables are outlined in Table 1.

Table 1. The coded levels of the low, medium, and high limits of the independent variables used in
the RSM.

Independent Variables
Coded Levels

Low Medium High

X1: mass of the nHA (mg) 100 150 200

X2: concentration of the TRF (mg/mL) 1 3 5

X3: incubation time (h) 12 18 24
Abbreviations: nHA, nano-hydroxyapatite; TRF, tocotrienols-rich fraction.

The optimal values of the independent variables for the nHA/TRF formulation were
chosen based on the ideal responses, which are small particle size, high zeta potential
values, and high encapsulation efficiency. The response surface behavior was analyzed for
the response function (Y) using the polynomial Equation (1):

Yi = β0 + β1X1 + β2X2 + β3X3 + β11X1
2 + β22X2

2 + β33X3
3 + β12X1X2 + β13X1X3 + β23X2X3 (1)

where Y is the predicted response, X1, X2, and X3 are the independent variables, and β0,
β1, β2, and β3 are the coefficients associated with each variable. The analysis of variance
(ANOVA) was used to determine the significance of the differences among the independent
variables. All significant variables (p < 0.05) were included in the final reduced model.
Three-dimensional (3D) response surface plots were generated to visualize the interaction
effect between the variables and the responses. The R2 values should be greater than 0.8 to
ensure the model has a good fit.

To validate and establish the final reduced model, the actual experimental values were
compared with the predicted values calculated using the polynomial Equation (1).

2.3. Preparation of the nHA/TRF for RSM Optimization

The nHA/TRF was prepared by using the incubation method, where the nHA was
suspended in a TRF solution diluted in n-hexane. The suspension was ultrasonicated
using a probe sonicator (QSonica Q55, QSonica, Newtown, CT, USA) for 2 min at an 80%
amplitude on ice. The ultrasonication process was performed in a customized chamber
in the presence of liquid nitrogen to minimize the possibility of TRF oxidation (Figure 1).
The dispersion was incubated at 20 ◦C in an incubator shaker (IKA KS 4000 i control,
IKA, Staufen, Germany). The nHA/TRF dispersion was then subjected to high-speed
centrifugation of 6000 rpm at 4 ◦C for 10 min (Himac CR22N, Hitachi Koki, Tokyo, Japan)
to separate the pellet from the unentrapped TRF. The pellet was redispersed two times with
n-hexane and the supernatants were collectively analyzed to estimate the TRF entrapment
efficiency using a UV–Vis spectrophotometer (Shimadzu UV-2450, Shimadzu, Kyoto, Japan).
The nHA/TRF pellet was dried using filter paper and crushed using a mortar and pestle
to obtain a fine powder for size and zeta potential measurements. All procedures were
carried out in a dark room, with minimal light exposure.
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2.4. Preparation of the Freeze-Dried nHA/TRF

The nHA/TRF pellet was prepared using the same incubation method, with the
optimized mass of nHA, the concentration of the TRF, and the incubation time. The
isolated nHA/TRF pellet was freeze-dried after redispersing the pellet in 5 mL of filtered
distilled water, with mannitol (10% w/v) used as a cryoprotectant. The concentration of
mannitol was previously determined through a separate experiment (unpublished data).
The dispersion was frozen in liquid nitrogen and stored at −80 ◦C for 24 h prior to freeze
drying. Sublimation lasted for 48 h at a vacuum pressure of 10–50 mbar, with the condenser
temperature maintained at less than −55 ◦C (FreeZone 4.5L, LABCONCO, Kansas City,
MO, USA). The freeze-dried nHA/TRF was stored in an amber screw cap glass bottle
containing a food-grade desiccant for further characterization.

2.5. Particle Size, Zeta Potential, and Polydispersity Index

Particle size, zeta potential, and polydispersity index (PDI) measurements were per-
formed using a particle size analyzer (Malvern Nano ZS90, Malvern Panalytical, Malvern,
UK). The nHA/TRF was redispersed in deionized water (0.5 mg/mL) with 1:5 and 1:2 dilu-
tion ratios for the non-freeze-dried and freeze-dried nHA/TRF, respectively. The diluted
samples were placed in disposable cuvettes for size and PDI measurements or injected into
a folded capillary cell for zeta potential measurements. All measurements of the nHA/TRF
samples were performed in triplicates.

2.6. Entrapment Efficiency

The entrapment efficiency was determined by separating the unentrapped TRF from
the nHA/TRF via high-speed centrifugation. The supernatant containing the unentrapped
TRF was quantified using a UV–Vis spectrophotometer at a 295 nm wavelength, as demon-
strated in previous research [19]. The percentage of the entrapment efficiency (%EE) was
calculated using the following formula;

%EE =
Initial amount o f drug (mg)− Amount o f unentrapped drug (mg)

Initial amount o f drug (mg)
× 100
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where the initial amount of the drug is the amount of the drug initially incubated with
the nHA, and the unentrapped drug is the amount of the drug present in the supernatant
following the high-speed centrifugation and washing processes.

2.7. Transmission Electron Microscopy

The samples were visualized using a high-resolution transmission electron microscope
(JEM 2100F, JEOL Ltd., Tokyo, Japan). The samples were diluted 1:100 in deionized water
prior to transmission electron microscopy (TEM) observation. A drop of sample was
deposited on a 3 mm carbon-coated copper grid. The samples were negatively stained with
a 2% uranyl acetate solution (% w/v) for 2 min, and the excess liquid was blotted up using
filter paper. The samples were then left to dry at room temperature before observation.

2.8. Statistical Analyses

Statistical analyses were performed using the GraphPad PRISM software (version 10,
USA). The data obtained were expressed as the mean ± the standard error of the mean
(SEM). A student’s t-test was used to evaluate the statistical significance, where a p-value
lower than 0.05 (p < 0.05) was considered to be statistically significant.

3. Results and Discussion
3.1. Fitting the Response Surface Model

A total of 20 experiments were automatically generated in a randomized order. The
mean particle size, zeta potential, and encapsulation efficiency are outlined in Table 2.
All the experiments showed a particle size within the nanometer range of 220.4–316 nm.
Meanwhile, all the experiments showed negative zeta potential values ranging between
−13.2 mV and −19.8 mV. The encapsulation efficiency values were in the range of 4–33.4%.
Six center points (highlighted in gray in Table 2) with a fixed nHA mass, concentration of
the TRF, and incubation time were performed to ensure the reproducibility and consistency
of the results.

Table 2. Central composite design (CCD) for all the experimental runs with the independent and
dependent variables.

Independent Variables Dependent Variables

Run Type Mass of the nHA
(mg)

Concentration of
the TRF
(mg/mL)

Incubation Time
(h)

Particle Size
(nm)

Zeta Potential
(mV)

Encapsulation
Efficiency

(%)

1 Fact 200 5 12 271.9 −15.0 4.4
2 Axial 65.91 3 18 295.2 −14.0 5.1
3 Fact 100 5 24 257.9 −15.1 17.6
4 Centre 150 3 18 235.7 −19.8 25.6
5 Fact 100 1 12 253.9 −13.9 13.2
6 Centre 150 3 18 250.0 −15.7 23.4
7 Centre 150 3 18 240.0 −17.8 23.7
8 Axial 150 3 28.09 225.4 −14.6 31.9
9 Fact 100 1 24 258.7 −14.2 25.9

10 Centre 150 3 18 236.2 −17.9 21.3
11 Fact 100 5 12 274.0 −16.0 10.1
12 Centre 150 3 18 226.5 −19.1 24.5
13 Axial 150 3 7.91 274.8 −13.5 9.9
14 Centre 150 3 18 220.4 −18.2 24.7
15 Fact 200 1 24 269.0 −15.6 33.4
16 Axial 150 −0.36 18 238.1 −14.6 32.6
17 Fact 200 1 12 253.7 −15.1 26.2
18 Fact 200 5 24 281.3 −13.2 9.1
19 Axial 234.09 3 18 316.0 −14.7 18.0
20 Axial 150 6.36 18 238.4 −14.6 8.1

Abbreviations: nHA, nano-hydroxyapatite; TRF, tocotrienols-rich fraction.
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All data were statistically analyzed and the best-fit model for the independent variables
was identified through the regression equations, coefficients of multiple determinations
(R2), adequate precision values, F-value, probability values (p-value), and p-value for the
lack-of-fit (Table 3). Previous studies have reported that a high F-value and a low p-value
indicate a significant interaction between the tested variables [30,34]. All factors showed
a significant effect on particle size and zeta potential, with small p-values < 0.05, and
encapsulation efficiency, with a p-value < 0.0001. These factors also showed good R2 values
(R2 > 0.8), which indicate that the quadratic polynomial models are significant and sufficient
to represent the actual interaction between independent and dependent variables [31]. The
R2 values for the particle size, zeta potential, and encapsulation efficiency were 0.8632,
0.8181, and 0.9607, respectively. These values indicate that the model can predict up to
86.32% of the particle size, 81.81% of the zeta potential, and 96.07% of the encapsulation
efficiency observed values, leading to a high correlation between the independent and
dependent variables. In addition, adequate precision measures the signal-to-noise ratio,
whereby a ratio of more than 4 is desired for a well-fitting model [34,35]. The adequate
precision values reported herein are 9.136, 6.141, and 17.418 for the particle size, zeta
potential, and encapsulation efficiency, respectively. Essentially, the p-values for the lack-
of-fit in relation to all dependent variables were high (>0.05), indicating that the model
has a good fit. Therefore, the quadratic model obtained was fitted to the data to obtain the
predicted responses.

Table 3. Analysis of variance (ANOVA) of the regression coefficients of the quadratic equations for
particle size, zeta potential, and encapsulation efficiency. The asterisk (*) indicates significant terms
(p < 0.05).

Variables
Particle Size, nm (Y1) Zeta Potential, mV (Y2) Encapsulation Efficiency, % (Y3)

F-Value p-Value F-Value p-Value F-Value p-Value
Model 7.01 0.0027 * 5.00 0.0096 * 27.15 <0.0001 *

Linear terms
A 2.02 0.1860 0.045 0.8367 8.96 0.0135 *
B 1.16 0.3072 0.015 0.9064 111.36 <0.0001 *
C 2.22 0.1669 0.00015 0.9906 54.57 <0.0001 *

Quadratic terms
A2 55.09 <0.0001 * 15.98 0.0025 * 41.56 <0.0001 *
B2 0.077 0.7876 13.68 0.0041 * 3.17 0.1054
C2 2.35 0.1561 18.98 0.0014 * 2.22 0.1675

Interaction terms
AB 0.098 0.7607 3.00 0.1137 23.49 0.0007 *
AC 1.01 0.3381 0.049 0.8298 1.34 0.2732
BC 0.56 0.4711 1.22 0.2959 1.16 0.3074

Other parameters
Lack-of-fit 1.98 0.2358 0.29 0.9023 4.86 0.0538

R2 0.8632 0.8181 0.9607
Adequate
precision 9.136 6.141 17.418

Second order
polynomial

equation

Y1 = 234.85 + 4.86A + 3.68B −
5.10C + 24.73A2 + 0.92B2 + 5.11C2

+ 1.40AB + 4.50AC − 3.35BC

Y2 = −18.06 − 0.064A − 0.037B +
0.0037C + 1.18A2 + 1.09B2 + 1.29C2

+ 0.69AB + 0.087AC + 0.44BC

Y3 = 23.86 + 2.05A − 7.23B + 5.06C
− 4.30A2 − 1.19B2 − 0.99C2 −

4.34AB − 1.04AC − 0.96BC
Independent variable A: mass of nHA; B: concentration of the TRF; C: incubation time.

The positive or negative coefficient values associated with each independent variable
(A, B, and C) represent the tendency and magnitude of the terms influencing the dependent
variables [34,35]. The equations showed that the mass of the nHA and the concentration of
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the TRF had a positive effect on particle size, while incubation time had a negative effect
(Table 3). Conversely, the mass of the nHA and the concentration of the TRF had a negative
effect on the zeta potential, while incubation time had a positive effect. On the other hand,
the mass of the nHA and the incubation time positively affected the encapsulation efficiency,
while the concentration of the TRF had a negative effect.

The normal probability plot of the residuals of particle size, zeta potential, and encap-
sulation efficiency are plotted in Figure 2. The experimental values obtained mostly fall on
a straight line, indicating that these values are normally distributed.
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3.2. Influence of the Independent Variables on the Particle Size of the nHA/TRF

The three-dimensional (3D) response surface plots for the interaction between the
independent variables and the particle size of the nHA/TRF are depicted in Figure 3. At
the highest and lowest concentrations of TRF, a decrease in particle size can be seen at
increasing masses of nHA, up to 150 mg (Figure 3a). Similarly, at the highest and lowest
incubation time, the smallest particle sizes were obtained with increasing masses of nHA,
up to 150 mg (Figure 3b). On the other hand, at a fixed nHA mass of 200 mg, an increase
in the concentration of the TRF after 12 h of incubation clearly increased the particle size
(Figure 3c). The increased particle size of the nHA/TRF, in conjunction with the increased
concentration of the TRF, was probably due to TRF adsorption on the surface of nHA. A
previous study has reported that the incorporation of the vitamin K causes an increased
particle size due to drug adsorption onto the surface of the nHA nanocomposite [36]. With
regard to this, an increased incubation time resulted in increased particle sizes, probably
due to the extra time allowing for the adsorption of TRF on the surface of nHA.
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3.3. Influence of the Independent Variables on the Zeta Potential of the nHA/TRF

The 3D response surface plots for the interaction between the independent variables
and the zeta potential of the nHA/TRF were also plotted (Figure 4). The zeta potential
is a measure of the electrostatic repulsion occurring among dispersed nanoparticles and
is an indication of dispersion stability [37]. It is recommended for nanoparticles to have
a zeta potential value of more than ±15 mV for the dispersion to be stable [38]. Under a
fixed nHA mass of 150 mg and a fixed incubation time of 14.23 h, a more negative zeta
potential was observed with increasing concentrations of TRF, up to 3 mg/mL, beyond
which it started to decrease (Figure 4a). Under a fixed nHA mass of 150 mg, increasing
the incubation time to up to 18 h resulted in an increased zeta potential when the TRF
concentration was fixed at 2.96 mg/mL (Figure 4b). Under a fixed nHA mass of 200 mg,
the highest zeta potential value was obtained at the middle values of the TRF concentration
and incubation time (Figure 4c).

3.4. Influence of the Independent Variables on the Encapsulation Efficiency of the nHA/TRF

The 3D surface plots for the interaction between the independent variables and the
encapsulation efficiency of the nHA/TRF are shown in Figure 5. Under an nHA mass of
150 mg and an incubation time of 14.23 h, increasing the concentration of the TRF reduced
the encapsulation efficiency (Figure 5a). Meanwhile, an increased incubation time under an
nHA mass of 150 mg and a fixed TRF concentration of 2.96 mg/mL resulted in an increased
encapsulation efficiency (Figure 5b). Interestingly, increasing the incubation time for the
highest concentration of the TRF with a fixed nHa mass of 200 mg did not significantly
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increase the encapsulation efficiency (Figure 5c). On the other hand, decreasing the concen-
tration of the TRF under a fixed nHA mass of 200 mg after 18 h of incubation significantly
increased the encapsulation efficiency (Figure 5c). The reduction in the encapsulation
efficiency at higher concentrations of the drug was probably due to the repulsion between
the adsorbed drug on the nHA particles and the drug molecules in the solution [33].
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TRF and the incubation time with a fixed nHA mass of 200 mg on the zeta potential of the nHA/TRF.

3.5. Verification of the Final Reduced Model

Based on the final CCD outcomes, the optimum mass of nHA, the optimum concentra-
tion of the TRF, and the optimum incubation time were automatically calculated using the
polynomial equations presented in Table 3. Five different solutions were suggested, and the
first suggestion was selected for validation due to its highest desirability value (Table 4).

Table 4. Solutions generated by the CCD according to the final reduced model.

No. Mass of the
nHA (mg)

Concentration of the
TRF (mg/mL)

Incubation Time
(h) Desirability

1 200.00 2.96 14.23 0.991
2 200.00 3.61 19.57 0.986
3 199.98 3.06 14.30 0.982
4 100.00 2.39 18.59 0.884
5 100.13 2.30 18.46 0.879

Abbreviations: nHA, nano-hydroxyapatite; TRF, tocotrienols-rich fraction.
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Figure 5. Response surface plots showing the effect of the interaction between the (a) mass of the
nHA and the concentration of the TRF with a fixed incubation time of 14.23 h, (b) mass of the nHA
and the incubation time with a fixed TRF concentration of 2.96 mg/mL, and (c) concentration of the
TRF and the incubation time with a fixed nHa mass of 200 mg on the encapsulation efficiency of the
nHA/TRF.

The proposed optimum nHA/TRF composition and incubation time were validated
by comparing the predicted and experimental values of each dependent variable (Table 5).
No significant differences were observed between the experimental and the predicted
values with respect to the particle size, the zeta potential, and the encapsulation efficiency,
indicating that the data obtained are in good agreement with the predicted outcomes.

Table 5. The predicted and observed experimental values for the optimized nHA/TRF nanoparticle.
Data for the experimental values are expressed as the mean ± SEM (n = 3).

Dependent Variables Predicted Values Experimental Values

Particle size (nm) 266.7 268.1 ± 9.29
Zeta potential (mV) −16.5 −16 ± 0.60

Encapsulation efficiency (%) 18.9 18.1 ± 0.73

3.6. Physical Characteristics and Encapsulation Efficiency

The freeze-drying process was performed to remove all solvents, prevent the aggre-
gation of the samples, and ensure the stability of the nanoparticles [39]. In this study, the
freeze-drying process in the presence of 10% mannitol (% w/v) resulted in a fine nHA/TRF
nanopowder (Figure 6). A previous study has also shown that solid lipid nanoparticles
lyophilized in the presence of 10% mannitol resulted in a fine powder that was fully
re-dispersed within 30 s of vortexing [40].
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The mean particle size and zeta potential of the nHA/TRF measured by dynamic light
scattering (DLS) were significantly higher compared to those of the blank nHA (Figure 7a,c).
Previous studies employing drug-loaded nHA-based nanoparticles have also reported
an increase in particle size and zeta potential values compared to the nHA nanoparticles
alone [27,41]. The increase in the particle size of the nHA/TRF was due to the adsorption of
the TRF on the surface of nHA. Meanwhile, the increase in the zeta potential was probably
due to changes in the surface charge of the nHA following TRF adsorption. Previous studies
have reported that the integration of the vitamin D3 with a hydroxyapatite-based scaffold
resulted in a more negative zeta potential, possibly due to the formation of hydrogen
bonds between the vitamin D3 and the other components of the scaffold [42]. However,
no significant difference was observed with respect to the polydispersity index between
the nHA/TRF and the nHA (Figure 7b). This indicates that the nHA/TRF particle has an
improved stability and is uniformly distributed.

Pharmaceutics 2025, 17, x FOR PEER REVIEW 13 of 17 
 

 

 

Figure 7. Particle size (a), polydispersity index (b), and zeta potential (c) of the unloaded nHA and 
nHA/TRF. Data expressed as the mean ± SEM (n = 3) (* p < 0.05; ** p < 0.001). 

The encapsulation efficiency percentage of the nHA/TRF was approximately 18.1%. 
This low encapsulation efficiency has also been observed in relation to other nHA particles 
loaded with lipid-soluble vitamins in the absence of other polymers. A recent study em-
ploying vitamin-D-loaded hydroxyapatite nanoparticles has reported a low loading ca-
pacity of 10.86% [43]. Moreover, although the porosity of nHA particles may affect the 
encapsulation of the TRF, it was not measured in this study. A previous study has shown 
that the morphology, surface area, and porosity of the nHA may affect the loading effi-
ciency of drugs or active compounds [44]. 

3.7. Morphological Observations Using Transmission Electron Microscopy 

TEM in Figure 8a revealed that the nHA particles have a spherical structure with 
high agglomeration, consistent with a previous study [45]. On the other hand, the 
nHA/TRF maintained its spherical structure and appeared to be less agglomerated (Figure 
8b). This observation corresponded to the increased value of the zeta potential possessed 
by the nHA/TRF and obtained from DLS, as a higher negative surface charge value en-
hances the electrostatic repulsion between particles, preventing them from aggregating 
and promoting a more stable distribution [30]. All samples showed a particle size within 
the nanometer range (< 300 nm), consistent with the data obtained from DLS. 

 

Figure 8. Transmission electron micrograph of the (a) unloaded nHA and (b) nHA/TRF at 50,000× 
magnification. 

Figure 7. Particle size (a), polydispersity index (b), and zeta potential (c) of the unloaded nHA and
nHA/TRF. Data expressed as the mean ± SEM (n = 3) (* p < 0.05; ** p < 0.001).

The encapsulation efficiency percentage of the nHA/TRF was approximately 18.1%.
This low encapsulation efficiency has also been observed in relation to other nHA particles
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loaded with lipid-soluble vitamins in the absence of other polymers. A recent study
employing vitamin-D-loaded hydroxyapatite nanoparticles has reported a low loading
capacity of 10.86% [43]. Moreover, although the porosity of nHA particles may affect the
encapsulation of the TRF, it was not measured in this study. A previous study has shown
that the morphology, surface area, and porosity of the nHA may affect the loading efficiency
of drugs or active compounds [44].

3.7. Morphological Observations Using Transmission Electron Microscopy

TEM in Figure 8a revealed that the nHA particles have a spherical structure with high
agglomeration, consistent with a previous study [45]. On the other hand, the nHA/TRF
maintained its spherical structure and appeared to be less agglomerated (Figure 8b). This
observation corresponded to the increased value of the zeta potential possessed by the
nHA/TRF and obtained from DLS, as a higher negative surface charge value enhances the
electrostatic repulsion between particles, preventing them from aggregating and promoting
a more stable distribution [30]. All samples showed a particle size within the nanometer
range (<300 nm), consistent with the data obtained from DLS.
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4. Conclusions
The formulation optimization of the nHA/TRF particle using the RSM method suc-

cessfully produced a nanosized carrier for the oral administration of the TRF. Moreover,
the interaction between the independent and dependent variables was well-understood
from the response surface plots generated in this study. The formulation was validated by
comparing the experimental and predicted outcomes, whereby no significant difference
was observed. Therefore, the optimized composition and incubation time of the nHA/TRF
suggested by the RSM were satisfactory. The physical properties of the nHA/TRF revealed
that the particle size is within the nanometer size range, with a narrow PDI and an accept-
able zeta potential and encapsulation efficiency. The fine nHA/TRF powder produced was
easily re-dispersible in water and has a spherical morphology. Future studies are warranted
to further evaluate the physicochemical properties of the nHA/TRF particles, especially
their release kinetics, chemical composition, and thermal properties. The potential applica-
tion of the nHA/TRF in nutraceuticals can also be investigated by observing the efficacy
and oral bioavailability of the nHA/TRF in vivo. In conclusion, the nHA was established
as a nanosized delivery vehicle for the TRF as shown by its promising physical properties.

Author Contributions: Conceptualization, A.S.M.Z., H.H. and E.A.; methodology, A.S.M.Z., H.H.
and E.A.; software, A.S.M.Z. and H.H.; validation, A.S.M.Z., H.H. and E.A.; formal analysis, A.S.M.Z.;
data curation, A.S.M.Z.; writing—original draft preparation, A.S.M.Z.; writing—review and editing,
S.-F.N., M.H.N., H.H. and E.A.; supervision, S.-F.N., M.H.N., H.H. and E.A.; project administration,



Pharmaceutics 2025, 17, 10 14 of 16

A.S.M.Z. and E.A.; funding acquisition, E.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Fundamental Research Grant Scheme [FRGS/1/2019/STG05/
UKM/02/1] granted by the Ministry of Higher Education Malaysia, and the APC was funded by the
Faculty of Medicine, Universiti Kebangsaan Malaysia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Acknowledgments: The authors gratefully acknowledge ExcelVite Sdn. Bhd., Perak, Malaysia for
their kind gift of EVNol™ 50% samples for this study. The authors would also like to acknowledge
the Institute of Bioscience, Universiti Putra Malaysia, for the TEM analytical service given.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Peh, H.Y.; Tan, W.D.; Liao, W.; Wong, W.F. Vitamin E therapy beyond cancer: Tocopherol versus tocotrienol. Pharm. Therap. 2016,

162, 152–169. [CrossRef] [PubMed]
2. Shen, C.-L.; Klein, A.; Chin, K.-Y.; Mo, H.; Tsai, P.; Yang, R.-S.; Chyu, M.-C.; Ima-Nirwana, S. Tocotrienols for bone health: A

translational approach. Ann. N. Y. Acad. Sci. 2017, 1401, 150–165. [CrossRef]
3. Kanchi, M.M.; Shanmugam, M.K.; Rane, G.; Sethi, G.; Kumar, A.P. Tocotrienols: The unsaturated sidekick shifting new paradigms

in vitamin E therapeutics. Drug Discov. Today 2017, 22, 1765–1781. [CrossRef] [PubMed]
4. Shuid, A.N.; Mehat, Z.; Mohamed, N.; Muhammad, N.; Soelaiman, I.N. Vitamin E exhibits bone anabolic actions in normal male

rats. J. Bone Miner. Metab. 2010, 28, 149–156. [CrossRef] [PubMed]
5. Yahaya, M.F.; Zainodin, A.; Pupathy, R.; Min, E.O.H.; Bakar, N.A.; Zamri, N.A.; Ismail, H.; Mohd Ramli, E. The effect of palm

tocotrienol on surface osteoblast and osteoclast in excess glucocorticoid osteoporotic rat model. Sains Malays. 2018, 47, 2731–2739.
[CrossRef]

6. Radzi, N.F.M.; Ismail, N.A.; Alias, E. Tocotrienols regulate bone loss through suppression on osteoclast differentiation and activity:
A systematic review. Curr. Drug Targets 2018, 19, 1095–1107. [CrossRef]

7. Ahsan, H.; Ahad, A.; Iqbal, J.; Siddiqui, W.A. Pharmacological potential of tocotrienols: A review. Nutr. Metab. 2014, 11, 22.
[CrossRef]

8. Ahmad, N.; Khalid, B.; Luke, D.; Ima Nirwana, S. Tocotrienol offers better protection than tocopherol from free radical-induced
damage of rat bone. Clin. Exp. Pharmacol. Physiol. 2005, 32, 761–770. [CrossRef]

9. Hermizi, H.; Faizah, O.; Ima-Nirwana, S.; Nazrun, S.A.; Norazlina, M. Beneficial effects of tocotrienol and tocopherol on bone
histomorphometric parameters in Sprague–Dawley male rats after nicotine cessation. Calcif. Tissue Int. 2009, 84, 65–74. [CrossRef]
[PubMed]

10. Shuid, A.N.; Mohamad, S.; Mohamed, N.; Mokhtar, S.A.; Muhammad, N.; Soelaiman, I.N. Bone oxidative changes during early
fracture healing of postmenopausal osteoporosis rat model. Asian J. Anim. Vet. Adv. 2011, 6, 1193–1203. [CrossRef]

11. Malik, A.; Maaruf, M.; Othman, F.; Hussan, F.; Shuid, A.N.; Saad, Q.M. Combined virgin coconut oil and tocotrienol-rich fraction
protects against bone loss in osteoporotic rat model. Vet. World 2019, 12, 2052. [CrossRef] [PubMed]

12. Zainal, Z.; Rahim, A.A.; Radhakrishnan, A.K.; Chang, S.K.; Khaza’ai, H. Investigation of the curative effects of palm vitamin E
tocotrienols on autoimmune arthritis disease in vivo. Sci. Rep. 2019, 9, 11. [CrossRef]

13. Chin, K.-Y.; Wong, S.K.; Sidik, J.; Zuhair, F.; Abdul Hamid, J.; Abas, N.H.; Ramli, M.; Suhana, E.; Afian Mokhtar, S.; Rajalingham,
S. The effects of annatto tocotrienol supplementation on cartilage and subchondral bone in an animal model of osteoarthritis
induced by monosodium iodoacetate. Int. J. Environ. Res. Public Health 2019, 16, 2897. [CrossRef] [PubMed]

14. Qureshi, A.A.; Khan, D.A.; Silswal, N.; Saleem, S.; Qureshi, N. Evaluation of pharmacokinetics, and bioavailability of higher
doses of tocotrienols in healthy fed humans. J. Clin. Exp. Cardiolog. 2016, 7, 434. [CrossRef]

15. Mahipal, A.; Klapman, J.; Vignesh, S.; Yang, C.S.; Neuger, A.; Chen, D.-T.; Malafa, M.P. Pharmacokinetics and safety of vitamin E
δ-tocotrienol after single and multiple doses in healthy subjects with measurement of vitamin E metabolites. Cancer Chemother.
Pharmacol. 2016, 78, 157–165. [CrossRef]

16. Uchida, T.; Abe, C.; Nomura, S.; Ichikawa, T.; Ikeda, S. Tissue distribution of α- and γ-tocotrienol and γ-tocopherol in rats and
interference with their accumulation by α-tocopherol. Lipids 2012, 47, 129–139. [CrossRef] [PubMed]

https://doi.org/10.1016/j.pharmthera.2015.12.003
https://www.ncbi.nlm.nih.gov/pubmed/26706242
https://doi.org/10.1111/nyas.13449
https://doi.org/10.1016/j.drudis.2017.08.001
https://www.ncbi.nlm.nih.gov/pubmed/28789906
https://doi.org/10.1007/s00774-009-0122-2
https://www.ncbi.nlm.nih.gov/pubmed/19779668
https://doi.org/10.17576/jsm-2018-4711-16
https://doi.org/10.2174/1389450119666180207092539
https://doi.org/10.1186/1743-7075-11-52
https://doi.org/10.1111/j.1440-1681.2005.04264.x
https://doi.org/10.1007/s00223-008-9190-x
https://www.ncbi.nlm.nih.gov/pubmed/19020790
https://doi.org/10.3923/ajava.2011.1193.1203
https://doi.org/10.14202/vetworld.2019.2052-2060
https://www.ncbi.nlm.nih.gov/pubmed/32095059
https://doi.org/10.1038/s41598-019-53424-7
https://doi.org/10.3390/ijerph16162897
https://www.ncbi.nlm.nih.gov/pubmed/31412648
https://doi.org/10.4172/2155-9880.1000434
https://doi.org/10.1007/s00280-016-3048-0
https://doi.org/10.1007/s11745-011-3620-7
https://www.ncbi.nlm.nih.gov/pubmed/22042641


Pharmaceutics 2025, 17, 10 15 of 16

17. Khanna, S.; Patel, V.; Rink, C.; Roy, S.; Sen, C.K. Delivery of orally supplemented α-tocotrienol to vital organs of rats and
tocopherol-transport protein deficient mice. Free Radic. Biol. Med. 2005, 39, 1310–1319. [CrossRef] [PubMed]

18. Mohd Zaffarin, A.S.; Ng, S.-F.; Ng, M.H.; Hassan, H.; Alias, E. Pharmacology and pharmacokinetics of vitamin E: Nanoformula-
tions to enhance bioavailability. Int. J. Nanomed. 2020, 15, 9961–9974. [CrossRef]

19. Ali, H.; Shirode, A.B.; Sylvester, P.W.; Nazzal, S. Preparation and in vitro antiproliferative effect of tocotrienol loaded lipid
nanoparticles. Colloids Surf. A. Physicochem. Eng. Asp. 2010, 353, 43–51. [CrossRef]

20. Abuasal, B.S.; Lucas, C.; Peyton, B.; Alayoubi, A.; Nazzal, S.; Sylvester, P.W.; Kaddoumi, A. Enhancement of intestinal permeability
utilizing solid lipid nanoparticles increases γ-tocotrienol oral bioavailability. Lipids 2012, 47, 461–469. [CrossRef]

21. Alqahtani, S.; Alayoubi, A.; Nazzal, S.; Sylvester, P.W.; Kaddoumi, A. Nonlinear absorption kinetics of Self-Emulsifying Drug
Delivery Systems (SEDDS) containing tocotrienols as lipophilic molecules: In vivo and in vitro studies. AAPS J. 2013, 15, 684–695.
[CrossRef] [PubMed]

22. Alqahtani, S.; Alayoubi, A.; Nazzal, S.; Sylvester, P.W.; Kaddoumi, A. Enhanced solubility and oral bioavailability of gamma-
tocotrienol using a Self-Emulsifying Drug Delivery System (SEDDS). Lipids 2014, 49, 819–829. [CrossRef] [PubMed]

23. Alqahtani, S.; Simon, L.; Astete, C.E.; Alayoubi, A.; Sylvester, P.W.; Nazzal, S.; Shen, Y.X.; Xu, Z.M.; Kaddoumi, A.; Sabliov,
C.M. Cellular uptake, antioxidant and antiproliferative activity of entrapped alpha-tocopherol and gamma-tocotrienol in poly
(lactic-co-glycolic) acid (PLGA) and chitosan covered PLGA nanoparticles (PLGA-Chi). J. Colloid Interface Sci. 2015, 445, 243–251.
[CrossRef] [PubMed]

24. Abu-Fayyad, A.; Behery, F.; Salim, A.A.; Alqahtani, S.; Ebrahim, H.; El Sayed, K.A.; Kaddoumi, A.; Sylvester, P.W.; Carroll, J.L.;
Cardelli, J.A.; et al. PEGylated gamma-tocotrienol isomer of vitamin E: Synthesis, characterization, in vitro cytotoxicity, and oral
bioavailability. Eur. J. Pharm. Biopharm. 2015, 96, 185–195. [CrossRef] [PubMed]

25. Mohd Zaffarin, A.S.; Ng, S.-F.; Ng, M.H.; Hassan, H.; Alias, E. Nano-hydroxyapatite as a delivery system for promoting bone
regeneration in vivo: A systematic review. Nanomaterials 2021, 11, 2569. [CrossRef]

26. Du, M.; Chen, J.; Liu, K.; Xing, H.; Song, C. Recent advances in biomedical engineering of nano-hydroxyapatite including
dentistry, cancer treatment and bone repair. Compos. B Eng. 2021, 215, 108790. [CrossRef]

27. Dave, J.R.; Dewle, A.M.; Mhaske, S.T.; Phulpagar, P.T.; Mathe, V.L.; More, S.E.; Khan, A.A.; Murthy, A.V.R.; Datar, S.S.; Jog, A.J.
Hydroxyapatite nanorods loaded with parathyroid hormone (PTH) synergistically enhance the net formative effect of PTH
anabolic therapy. Nanomed. Nanotechnol. Biol. Med. 2019, 15, 218–230. [CrossRef] [PubMed]

28. Dai, Z.; Dang, M.; Zhang, W.; Murugan, S.; Teh, S.W.; Pan, H. Biomimetic hydroxyapatite/poly xylitol sebacic adibate/vitamin K
nanocomposite for enhancing bone regeneration. Artif. Cells. Nanomed. Biotechnol. 2019, 47, 1898–1907. [CrossRef]

29. Kotak, D.J.; Devarajan, P.V. Bone targeted delivery of salmon calcitonin hydroxyapatite nanoparticles for sublingual osteoporosis
therapy (SLOT). Nanomed. Nanotechnol. Biol. Med. 2020, 24, 102153. [CrossRef]

30. Hassan, H.; Adam, S.K.; Alias, E.; Meor Mohd Affandi, M.M.R.; Shamsuddin, A.F.; Basir, R. Central composite design for
formulation and optimization of solid lipid nanoparticles to enhance oral bioavailability of acyclovir. Molecules 2021, 26, 5432.
[CrossRef]

31. Mahajan, H.S.; Patil, P.H. Central composite design-based optimization of lopinavir vitamin E-TPGS micelle: In vitro characteri-
zation and in vivo pharmacokinetic study. Colloids Surf. B Biointerfaces 2020, 194, 111149. [CrossRef]

32. Amarachinta, P.R.; Sharma, G.; Samed, N.; Chettupalli, A.K.; Alle, M.; Kim, J.-C. Central composite design for the development of
carvedilol-loaded transdermal ethosomal hydrogel for extended and enhanced anti-hypertensive effect. J. Nanobiotechnol. 2021,
19, 100. [CrossRef]

33. Khezerlou, S.; Babazadeh, M.; Mehrizad, A.; Gharbani, P.; Es’haghi, M. Preparation of hydroxyapatite-calcium ferrite composite
for application in loading and sustainable release of amoxicillin: Optimization and modeling of the process by response surface
methodology and artificial neural network. Ceram. Int. 2021, 47, 24287–24295. [CrossRef]

34. Chong, W.-T.; Tan, C.-P.; Cheah, Y.-K.; Lajis, A.F.B.; Habi Mat Dian, N.L.; Kanagaratnam, S.; Lai, O.-M. Optimization of process
parameters in preparation of tocotrienol-rich red palm oil-based nanoemulsion stabilized by Tween80-Span 80 using response
surface methodology. PLoS ONE 2018, 13, e0202771. [CrossRef]

35. Pandey, S.; Kumar, V.; Leekha, A.; Rai, N.; Ahmad, F.J.; Verma, A.K.; Talegaonkar, S. Co-Delivery of teriflunomide and methotrex-
ate from hydroxyapatite nanoparticles for the treatment of rheumatoid arthritis: In vitro characterization, pharmacodynamic and
biochemical investigations. Pharm. Res. 2018, 35, 201. [CrossRef] [PubMed]

36. Suzuki, S.; Lee, S.; Miyajima, T.; Kato, K.; Sugawara-Narutaki, A.; Sakurai, M.; Nagata, F. Evaluation of drug-loading ability of
poly(Lactic acid)/hydroxyapatite core–shell particles. Materials 2021, 14, 1959. [CrossRef]

37. Lara-Ochoa, S.; Ortega-Lara, W.; Guerrero-Beltrán, C.E. Hydroxyapatite nanoparticles in drug delivery: Physicochemistry and
applications. Pharmaceutics 2021, 13, 1642. [CrossRef] [PubMed]

38. Uskoković, V. Dynamic light scattering based microelectrophoresis: Main prospects and limitations. J. Dispers. Sci. Technol. 2012,
33, 1762–1786. [CrossRef]

https://doi.org/10.1016/j.freeradbiomed.2005.06.013
https://www.ncbi.nlm.nih.gov/pubmed/16257640
https://doi.org/10.2147/IJN.S276355
https://doi.org/10.1016/j.colsurfa.2009.10.020
https://doi.org/10.1007/s11745-012-3655-4
https://doi.org/10.1208/s12248-013-9481-7
https://www.ncbi.nlm.nih.gov/pubmed/23572242
https://doi.org/10.1007/s11745-014-3923-6
https://www.ncbi.nlm.nih.gov/pubmed/24934591
https://doi.org/10.1016/j.jcis.2014.12.083
https://www.ncbi.nlm.nih.gov/pubmed/25622049
https://doi.org/10.1016/j.ejpb.2015.07.022
https://www.ncbi.nlm.nih.gov/pubmed/26235392
https://doi.org/10.3390/nano11102569
https://doi.org/10.1016/j.compositesb.2021.108790
https://doi.org/10.1016/j.nano.2018.10.003
https://www.ncbi.nlm.nih.gov/pubmed/30343014
https://doi.org/10.1080/21691401.2019.1573183
https://doi.org/10.1016/j.nano.2020.102153
https://doi.org/10.3390/molecules26185432
https://doi.org/10.1016/j.colsurfb.2020.111149
https://doi.org/10.1186/s12951-021-00833-4
https://doi.org/10.1016/j.ceramint.2021.05.140
https://doi.org/10.1371/journal.pone.0202771
https://doi.org/10.1007/s11095-018-2478-2
https://www.ncbi.nlm.nih.gov/pubmed/30187188
https://doi.org/10.3390/ma14081959
https://doi.org/10.3390/pharmaceutics13101642
https://www.ncbi.nlm.nih.gov/pubmed/34683935
https://doi.org/10.1080/01932691.2011.625523


Pharmaceutics 2025, 17, 10 16 of 16

39. Mohammady, M.; Mohammadi, Y.; Yousefi, G. Freeze-Drying of Pharmaceutical and Nutraceutical Nanoparticles: The Effects
of Formulation and Technique Parameters on Nanoparticles Characteristics. J. Pharm. Sci. 2020, 109, 3235–3247. [CrossRef]
[PubMed]

40. Amis, T.M.; Renukuntla, J.; Bolla, P.K.; Clark, B.A. Selection of cryoprotectant in lyophilization of progesterone-loaded stearic
acid solid lipid nanoparticles. Pharmaceutics 2020, 12, 892. [CrossRef] [PubMed]
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