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Abstract: Ganoderic Acid (GA), a major bioactive compound isolated from an oriental medicinal mushroom,
i.e. Ganoderma tsugae, has traditionally been found to have significant medicinal properties. As a result of
GA's poor solubility in water, formulation poses several challenges. Additionally, the traditional method of
administering it via alcohol always results in unfavorable patient side effects. In order to overcome these
problems, Ganoderma Tsugae extracts obtained by ethanol extraction were encapsulated in nanodispersions
by ultrasonic cavitation and solvent evaporation to maximise bioavailability. Resultant nanodispersions
contained Ganoderic acid in a hydrophobic core with a mean particle size of no more than 200 nm and a very
narrow particle distribution. An analysis of the interactions between the control variables and the process
optimisation was conducted using the Response Surface Methodology (RSM). Based on the results of the
experiment, it was found that the particle size of nanodispersions was influenced by the Hydrophilic-
Lipophilic Balance (HLB) number and the evaporation temperature. Moreover, the physical stability of micellar
systems is generally determined by the organic phase within them. Regarding formulation stability, the zeta
average of the nanodispersions remained virtually unchanged in solutions with different pH levels and short-
term storage (14 days) at room temperature. Overall, it has been demonstrated that Ganoderic acid
nanodispersions can be efficiently generated by combining ultrasound cavitation and solvent evaporation.

Keywords: Ganoderic acid; nanodispersion; ultrasound; RSM; solvent evaporation; encapsulation

1. Introduction

For centuries, the medicinal fungi Ganoderma tsugae (Figure 1) has been used in China, Japan,
and other oriental countries as a folk remedy for preserving the well-being of humans. In Shen Nong's
Herbal Classic, Ganoderma was mentioned as having "vital energy" as early as 100 B.C. However,
the modern use of Ganoderma and intensive research into its pharmaceutical benefits has only
increased in the Western hemisphere in recent decades. Ganoderma contains various bioactive

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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ingredients, including polysaccharides, triterpenes/triterpenoids, amino acids, nucleosides, etc.
Among the major bioactive ingredients isolated from Ganoderma tsugae (Figure 1), ganoderic acids
have been found to have significant potential either in preventing or in treating a variety of life-
threatening diseases, including hepatitis B [1], hypertension [2], tumours [3,4], inflammation [5], HIV
[6], cancer [7], and many others.

Figure 1. Mature Ganoderma obtained from GanoFarm Sdn. Bhd (Malaysia).

As a result of its extremely low solubility in water, its limited bioavailability restricts its
application in vivo. Dissolving Ganoderic acid in a solvent is generally necessary before
administering it. As a result of the severe pain induced during injection [8] and the possibility of
hemolysis [9], intravenous administration is not recommended. As a result of the development of
new formulations, Ganoderic acid is now capable of presenting a favourable bioavailability.
Nanocarriers have been extensively discussed to enhance the potential of hydrophobic compounds,
including nanoemulsions [10,11], polymeric nanoparticles [12], and liposomes [13,14]. Even so, there
is still a great deal of uncertainty regarding the method of preparing Ganoderic acid in
nanoformulation.

Ganoderic acids can be isolated from Ganoderma fruiting bodies by solvent extraction.
Ganoderic acids have been separated from Ganoderma lucidum spores using methanol as a solvent,
which is known to inhibit HIV-1 protease [15] and to exhibit cytotoxicity against Meth-A and LLC
tumor cells [16]. Chin et al. [17] have also extracted crude Ganoderic acids. They tested four different
drying techniques, including freeze-drying, convective hot air drying, vacuum drying, and heat
pump drying, on fruiting bodies weighing 36 + 0.1 g on average. It has been found that vacuum-dried
Ganoderma lucidum can preserve most of its active ingredients but requires a longer drying period.
Accordingly, the heat pump required the shortest total drying time, yet it achieved an acceptable and
relatively high concentration of Ganoderic acids and water-soluble polysaccharides.

Tan and Nakajima [18,19] produced (-carotene nanodispersion using emulsification and
evaporation employing high-pressure homogenisation; it was suggested that process conditions,
such as homogenisation pressures and cycles, could have significant effects on particle size and size
distribution. In the following years, Tan and his group further investigated the synthesis of a-


https://doi.org/10.20944/preprints202304.0207.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 April 2023 doi:10.20944/preprints202304.0207.v1

Tocopherol nanodispersions [20], Astaxanthin nanodispersions [21,22] and Phytosterol
nanodispersions [23] with high-pressure homogenisation.

An important aspect of solvent removal is the evaporator temperature; the precipitation or
recrystallisation rate of hydrophobic drug governed by temperature gradient significantly controls
the size and shape of the particles. To combat insolubility, other methods have also been described
for producing nanodispersions with properties similar to those of solutions [24-26]. However, the
complex processing conditions and the inability to achieve long-term physical stability limited their
solemnity. The present study attempts to establish an efficient and reproducible method. The
proposed route offers several advantages over conventional protocols, including conventional
emulsification evaporation and reverse microemulsion template synthesis. A conventional
emulsification method always involves a toxic solvent (e.g. hexane or chloroform), and low yields are
frequently reported when a nanoprecipitation-reverse microemulsion template synthesis method is
employed. In the present study, we have encapsulated crude Ganoderic acid using
nanoemulsification via ultrasonic cavitation. In addition, Ganoderic acid nanodispersions have been
generated by evaporating the solvent at reduced pressure. It is always important to consider the
rheological behaviour of solid nanodispersion when ensuring particle stability. Solid nanoparticles
interact with one another in an easy-to-understand manner. The attraction and repulsive forces
between particles are the primary driving force behind agglomeration. In other successful cases,
electrostatic surfactants have been included in formulations, or freeze-drying has been used to ensure
stability.

Several efforts have been made to investigate the possibility of preparing Ganoderic acid-loaded
nanodispersions using a modified protocol, as reported by Tan and Nakajima [18,19]. The process
was then optimised using Response Surface Methodology (RSM). Several engineering applications
have demonstrated the effectiveness of RSM as an optimisation tool [28]. No reports have been
published on optimising processes involving more than three control variables, especially for
preparing drug-loaded nanoparticles. As a result, Central Composite Design (CCD) has been
employed to investigate the impact of five control variables on the physical characteristics of the
nanoformulations developed. Based on statistical experimental design, empirical models were
developed with evidence of accuracy. Furthermore, process optimisation was conducted to obtain a
formulation with the desired physical properties, including particle size, polydispersity index, zeta
potential, and physical stability over two weeks. In order to confirm the particle morphology, the
suggested optimum formulation was characterised by Scanning-Transmission Electron Microscopy
(STEM). Furthermore, a size distribution study was conducted to investigate the effect of pH on
nanodispersion particle size.

2. Materials and Methods

2.1. Materials

Span 20 and Brij 56 were obtained from Merck (Darmstadt, Germany). Ethanol (99.5%) was
received from Fisher Scientific (Fair Lawn, NJ, USA). GanoFarm Sdn. Bhd (Malaysia) provided crude
Ganoderic acid isolated from raw Ganoderma tsugae fruit bodies and used as received without
further purification. Water was obtained from the Milli-Q water purification system (Millipore, MA,
USA).

2.2. Preliminary screening of nanoemulsion formulations

A solution of Ganoderic acid (1% wt/wt) was prepared by dissolving crude Ganoderic acid in
ethanol and preserving it in vials before formulation. Before encapsulating Ganoderic acid in nano
vehicles, the solubilising potential of the solution (1%) was studied. After the solution was subjected
to ultrasonic cavitation at room temperature, visual observations were recorded. To investigate
emulsion phase behaviour, a predetermined water-surfactant mixture (or oil-surfactant mixture) was
added to Ganoderic acid solution in vials. A titration of Ganoderic acid solution into a water-
surfactant mixture (or oil-surfactant mixture) was conducted and stopped when turbidity was
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observed, indicating maximum solubilisation of surfactants. Formulations were then left at room
temperature until equilibrium was reached.

2.3. Preparation of Ganoderic acid Nanodispersion

Figure 2 illustrates the ultrasonic cavitation and solvent evaporation techniques to prepare
Ganoderic acid-loaded nanodispersion formulations. Response Surface Methodology (RSM) has been
extensively used to study the importance of formulation composition and process conditions. In the
first step, Ganoderic acid was extracted from the Ganoderma tsugae fruiting body using a modified
isolation technique described by Chin et al. [17]. The purified Ganoderic acid was redissolved in
ethanol at 1 mg/g to produce Ganoderic acid-rich organic phases. To obtain the desired HLB, Brij 56
and Span 20 were mixed accordingly. The surfactant mixture, Ganoderic acid solution, and water
were combined in the following steps until an isotropic micellar system was achieved. Following this
step, a 5 min ultrasonic treatment (38 kHz, Ultrasonic RMS 140 W, Guyson International Ltd, UK)
was conducted to induce homogenisation. To remove the organic phase from the Ganoderic acid
micelles, the solvent was evaporated at reduced pressure (150 mbar). Temperature and evaporation
time were controlled between 40 and 50 °C and 10 to 30 min, respectively. This process required the
components to be mixed with an accuracy of +/- 0.005 g error.

Ganoderic acid dissolved in

Control Variables ethanol (1%)

X,) Hydrophilic-lipophilic e :
balance (HLB) number

X,) Ganoderic acid solution-
to-waterweightratio(a) | =0 M 1 N

X;) Surfactant-to-water
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Ultrasonication (Sminségg
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nanodispersions
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Figure 2. A method for preparing Ganoderic acid-loaded nanodispersions using ultrasonic cavitation
and solvent evaporation. Various factors, including formulation composition and processing
conditions, have been extensively studied using Response Surface Methodology (RSM).

2.4. Characterisation of Nanodispersion: Size distribution, Polydispersity index, Zeta-potential and Stability
studies

Ganoderic acid-loaded nanodispersions were characterised by the Malvern Zetasizer-Nano
instrument (Malvern Instrument Inc) regarding particle size, polydispersity index, and zeta potential.
Immediately following preparation, nanodispersions were characterised at room temperature
without dilution. The physical stability of the formulations was studied over a given storage period.
As a result, the prepared emulsions were sealed after instant measurement on the first day of
preparation. Following the preparation of the nanodispersion, 1 ml of it was withdrawn in order to
monitor the growth of the particles.

2.5. Experimental design

A Central Composite Design (CCD) was used to approximate a quadratic model to construct an
interactive relationship between the independent control variables. In a preliminary screening of
product formulations, Ganoderic acid solution (1%), surfactant concentration, and the combination
of two surfactants play an important role in determining the physical properties of an initial
nanoemulsion. In order to study the synchronised effects of two surfactants, the Hydrophilic-
Lipophilic Balance (HLB) number of mixed surfactants in the formulation could be described as
follows:

Nurgmix = Nurgsurf aWsurf a + Nuig surf sBWsurs B 1)

Where Nuimix is the HLB number of the mixed surfactant, Nuisswta is the HLB number of the
surfactant A, Wsurt ais the weight ratio of the surfactant A to the total weight of the surfactant, Nuts surt
8 is the HLB number of the surfactant B, Wiurs is the weight ratio of the surfactant B to the total weight
of the surfactant. A total of five independent variables, including the Hydrophilic-Lipophilic Balance
number (X1, HLB), Ganoderic acid solution-to-water weight ratio (X2), surfactant-to-water weight
ratio (X3), evaporation temperature (X4), and evaporation time (X5) were examined for their
interaction. A summary of the factors that were evenly spaced to achieve this three-level orthogonal
design can be found in Table 1, where codes for low, medium and high were -1, 0 and +1, respectively.
The 50 experiments designed by CCD, including five centre point replications, were run randomly
according to the design configuration. Design-Expert 8.0 generated a quadratic function that was
statistically analysed and validated using the Analysis of Variance (ANOVA). The following four
response surface functions have been developed: particle size (Y1), polydispersity index (Y2), zeta-
potential (Y3), and percentage increase in zeta-average after 14 days of storage (Ys4). A generalised
response function could be used to describe them as follows:

Y= B+ Zﬁixi + Zﬁiixiz + Zﬁiixixj )

Where Y is the respective response, [fo is a constant, (3i, 3i, and (i are linear, interaction and quadratic
coefficients, respectively. A three-dimensional response surface was generated using the derived
equation. As a result, process optimisation was achieved after each permutation of the multi-response
quadratic function to achieve the smallest possible particle size and polydispersity index, the highest
zeta potential, and the slowest particle growth.
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Table 1. Factor levels and their corresponding values.

Independent Variables -1 0 1
A: Hydrophilic-Lipophilic Balance (HLB) number 9.46 10.75  12.04
B: Ganoderic Acid-to-Water weight ratio, («) 0.2 0.35 0.5
C: Surfactant-to-Water weight ratio, (y) 0.05 0.1 0.15
D: Evaporation Temperature, (T) 40 45 50
E: Duration, (d) 10 20 30

2.6. Scanning-Transmission Electron Microscopy (STEM)

The surface morphology of ganoderic acid-loaded nanodispersions was investigated using Field
Emission-Scanning Electron Microscopy (FE-SEM) in STEM mode. Drops of the optimised
formulation were placed on a 50-mesh copper grid and allowed to dry naturally at room temperature
for 5 min. During the STEM investigation, the nanodispersion was again left to stand in 3%
Phosphotungstic Acid (PTA) for another 5 min.

3. Results and Discussion

3.1. Development of 3D surface function using Central Composite Design (CCD)

Table 2 summarises both experimental and response surface methodology (RSM) results for the
physical characteristics of Ganoderic acid nanodispersion in terms of particle size (Y1), polydispersity
index (Y2), zeta potential (Y3), and percentage increase in nanodispersion's zeta-average after two
weeks of storage (Y4). According to the Analysis of Variance (ANOVA), the quadratic model is
statistically significant in four responses at a 99% confidence level. Predicted values agree with the
measured response data, as suggested by the approximating function. A coefficient of determination
(R2) was calculated for the responses of particle size (Y1), polydispersity index (Y2), zeta-potential
(Y3) and percentage increase in nanodispersion's zeta-average after two weeks of storage (Y4),
respectively, to be 0.8822, 0.6583, 0.9652 and 0.7650.

Table 2. The actual values obtained from RSM experiments predicted values from the RSM simulation
and the difference between them (residual).

Particle Size Polydispersity Index  Zeta-Potential % increase of Zeta-Average after 2 weeks of storage
ExpActual Predicted Actual Predicted Actual Predicted Actual Predicted
No. Value ValueResidual Value ValueResidual Value ValueResidual Value Value Residual
1 155.00264.69 -109.69 0.33 039 -0.06 -61.10-62.99 1.89 -0.01 -1.46 1.45
2 160.10112.66 47.44 034 026 0.08 -63.70-62.97 -0.73 -0.11 -3.91 3.80
3 176.03209.48 -3345 089 073 016 -975 -2.63 -7.12 3.99 15.32 -11.34
4 225.00239.47 -14.47 050 050 -0.01 -21.20-20.90 -0.30 40.48 32.72 777
5 351.90295.71 56.19 097 071 026 -15.20-16.33 1.13 5.75 11.40 -5.65
6 103.10 36.80 6630 036 031 0.05 -25.80-26.69 0.89 0.02 14.83 -14.81
7 116.70 66.78 4992 062 049 012 -15.70-13.83 -1.87 5.62 797 -2.35
8 300.80309.00 -820 036 032 0.04 -63.80-59.96 -3.84 0.02 9.14 -9.13
9 1400 3143 -1743 076 0.67 0.09 -17.10-14.65 -2.45 30.40 27.62 2.78
10 204.80150.32 5448 047 041 0.06 -37.50-35.05 -2.45 0.70 2.58 -1.88
11 138.10135.42 2.68 046 044 0.02 -35.10-2423 -10.87 -0.01 0.42 -0.43
12 2334027421 -40.81 0.23 0.18 0.05 -46.70-4740 0.70 0.02 -1.74 1.76
13 565.50547.74 17.76 049 044 005 -57.10-55.83 -1.27 0.07 443 -4.36
14 227.40279.35 -51.95 0.66 0.68 -0.02 -60.80-58.26 -2.54 -0.24 -4.89 4.65
15 107.60190.84 -83.24 0.52 046 0.06 -34.20-30.25 -3.95 0.09 -10.08 10.16
16 355.00370.78 -15.78 044 078 -0.33 -58.10-58.30 0.20 -0.13 -3.75 3.62
17 287.30316.03 -28.73 0.51 047 0.04 -55.50-57.49 1.99 -0.06 131 -1.36
18 186.00136.36 49.64 030 037 -0.08 -40.70-34.05 -6.65 0.02 4.33 -4.30
19 31.01 106.22 -7521 0.30 041 -0.11 -945 -955 0.10 - - -
20 132.50184.83 -5233 052 045 007 -27.80-26.62 -1.18 0.02 3.72 -3.70
21 308.10235.99 72.11 1.00 092 0.08 -9.22 -1293 3.71 -0.90 -0.53 -0.37

22 14550191.22 -45.72 039 046 -0.07 -1490-17.01 2.11 - - -
23 209.80201.90 790 038 048 -0.10 -18.30-19.16 0.86 - - -
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24 313.60283.86 29.74 026 034 -0.08 -45.90-48.85 295 0.12 -3.10 3.22
25 135.10135.42 -0.32 045 044 0.01 -14.10-24.23 10.13 1.82 0.42 1.39
26 431.30397.12 34.18 047 042 0.05 -56.60-57.73 1.13 0.02 1.57 -1.54
27 170.60225.90 -55.30 028 031 -0.03 -40.80-39.88 -0.92 -0.07 10.26 -10.33
28 126.10 96.03 30.07 032 038 -0.06 -13.00-15.61 2.61 - - -

29 544.70503.22 4148 029 0.15 0.14 -33.50-31.51 -1.99 -0.05 -5.36 5.30
30 235.00283.91 -4891 051 035 0.16 -31.60-33.39 1.79 0.01 2.00 -1.99
31 313.50308.17 533 064 059 0.06 -7420-75.39 1.19 0.15 -0.94 1.09
32 168.50136.20 3230 035 039 -0.04 -56.90-55.84 -1.07 0.10 -3.87 3.97
33 135.2013542 -0.22 045 044 0.01 -14.30-2423 9.93 0.03 0.42 -0.39
34 3247 2250 997 027 042 -0.15 -816 -15.12 6.95 51.11 37.62 13.48
35 316.50354.01 -37.51 030 041 -0.11 -11.50-11.88 0.38 22.07 13.43 8.64

36 136.5013542 1.08 048 044 0.04 -2350-2423 0.73 0.70 0.42 0.27
37 435.50409.79 2571 030 034 -0.04 -823 -12.12 3.89 - - -
38 229.30211.02 1828 031 037 -0.06 -829 -637 -1.92 - - -
39 131.8013542 -3.62 046 044 0.03 -30.70-2423 -6.47 2.13 0.42 1.71
40 204.30151.27 53.03 046 040 0.06 -60.80-61.90 1.10 0.04 -0.45 0.49
41 519.90454.53 6537 037 050 -0.13 -9.32 -10.62 1.30 - - -
42 160.50189.45 -2895 032 036 -0.04 -13.00-1423 1.23 - - -

43 173.90218.73 -44.83 048 054 -0.06 -16.00-1343 -2.57 1.34 1.07 0.27
44 1294013542 -6.02 041 044 -0.03 -24.70-24.23 -047 1.96 0.42 1.54
45 1344013542 -1.02 044 044 001 -27.10-24.23 -2.87 0.07 0.42 -0.36
46 208.80159.52 49.28 055 044 0.11 -60.30-61.44 1.14 -0.02 -1.40 1.37
47 274.80241.72 33.08 042 027 015 -59.10-54.58 -4.52 0.59 2.69 -2.10
48 194.70204.88 -10.18 045 056 -0.11 -60.10-63.13 3.03 0.29 217 -1.89
49 120.7013542 -14.72 031 044 -0.12 -20.40-2423 3.83 0.03 0.42 -0.40
50 198.47223.19 -2472 0.07 026 -019 -5440-55.53 1.13 0.51 0.58 -0.07

This generally results in a good approximation between the actual and predicted data. The
quadric surfaces shown in Figure 3a,b,c, and d illustrate the interactive relationship between five
independent variables. For this purpose, a three-dimensional response surface has been developed,
which shows the combined effect of the two most important independent variables while
maintaining the values of the other three control variables at their center points. Following this, eight
other quadric surfaces were constructed by varying the two most influential variables.
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Figure 3. The 3D quadric surface suggested by the CCD design model for the following responses: (a)
Particle size, (b) Polydispersity index, (c) Zeta-potential and (d) Percentage increase in the zeta-
average after 14 days of storage. “HLB” indicates the Hydrophobic-Lipophilic balance number of the
formulation; “a” indicates the Ganoderic acid solution-to-water weight ratio; “y” indicates the
surfactant-to-water weight ratio; “T” indicates the evaporation temperature and “d” indicates the

evaporation duration.

3.2. Effect of control variables on the response

Ganoderic acid nanodispersion in water was governed by gradient-driven solvent diffusion
from the micelles' hydrophobic core into the continuous aqueous phase. Initially, the organic solvent
stabilised by the surfactant forms drug-loaded micelles; however, after intensive removal of the
organic solvent through evaporation at reduced pressure, the Ganoderic acid nanosphere crystallises.
In most pharmaceutical practices, ethanol at low concentrations is acceptable. This study used
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ethanol to deliver Ganoderic acid to the hydrophobic core. Due to its ability to form azeotropes with
water, excluding it from the formulation would generally be impractical. In the study of designed
experimental data, it was determined that increasing the organic phase in the micelles promotes the
formation of larger micelles, resulting in smaller nanodispersions with narrow particle sizes. Even
so, after 14 days of storage, it rarely contributes to nanodispersion's surface charge or particle growth.
Early precipitation of Ganoderic acid can be initiated by the movement of ethanol from the center of
primary nanodroplets, which can be easily controlled within a boundary guided by a mixture of
surfactant molecules. All the responses show statistical significance (p<0.05) for the choice of
surfactant; however, the concentration of the surfactant appears to play a minor role in determining
the particle's physical characteristics. The temperature gradient is the second most influential factor
in this study. In this case, the high evaporation temperature of 50 °C could result in a substantial
reduction in particle size due to the higher rate of solvent evaporation without destroying the
formation of nanodispersions. Thus, the significance of each control variable in the formation of drug-
loaded nanodispersions induced by chemical instability via solvent transport can be summarised in
the following order: HLB number > evaporation temperature > Ganoderic acid (1%) concentration >
surfactant concentration > evaporation duration.

3.3. Particle size distribution

Efficacious delivery of water-insoluble therapeutic substances can be achieved using the finest
drug-loaded nanodispersions. For example, nanoparticles used for intravascular delivery should
have a particle size no larger than 1 pm to prevent capillaries from becoming occluded in blood
capillaries with a diameter of 4-7 um. The prepared formulation must also be biocompatible,
biodegradable, and sterile. According to the protocol above, Ganoderic acid-loaded nanodispersions
are produced by intensively evaporating the solvent.

It can be seen in Figure 3(a) that a decrease in evaporation temperature leads to the formation of
nanodispersions with larger particle sizes; a reduction in evaporation duration can also result in
larger particles, particularly when the formulation HLB number is low. A longer evaporating
duration has no significant effect on particle size when the formulation's HLB number approaches a
value of 12.04. In contrast, a lower HLB number may result in a greater reduction in particle size.
Increasing the HLB number generally leads to smaller nanodispersions when the surfactant
concentration is low. This is particularly true when the concentration of surfactant is low. When
determining particle size, the ethanol concentration in the formulation showed the least impact. A
higher diffusion rate of ethanol and satisfactory solvent removal during evaporation makes it
advantageous to encapsulate more Ganoderic acid in the hydrophobic core without distinctly
affecting the volume of the nanocarriers.

Similar results were observed when the polydispersity index of nanodispersions was
considered. The polydispersity index describes the distribution of particle sizes within a medium. As
a result, nanoparticulates with low polydispersity can ensure a consistent drug loading at the target
site. As a result, the particle's surface active energy gradient is also reduced, significantly decreasing
the ripening effect among tiny solid particles. Figure 3(b) shows several saddle-like surfaces. A longer
evaporation duration has been observed to result in a lower nanodispersion and a higher
polydispersity index. By attaching amphiphilic molecules to the particle's surface, surfactants
facilitate the detachment of the hydrophobic core. The surfactant concentration increases steadily,
resulting in a steady nanodispersion; however, when a critical surfactant aggregation number was
reached, micelles could no longer adsorb surfactant molecules, and therefore there was no change in
the physical characteristics.

3.4. Physical stability

High surface area dispersions enhance dissolution rates and bioavailability. Following the
reported findings, nanodispersions must be chemically or physically stabilised to ensure satisfactory
drug delivery before reaching the targeted therapeutic area. Zeta potential is the electrokinetic
potential on the particle surface, which greatly influences either an attractive or repulsive force
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between the particles, profoundly influencing the colloid's rheological behaviour. According to the
response surface methodology, the linear terms of HLB number (X1), surfactant concentration (X3),
and evaporation temperature (X4), and the quadratic terms of HLB number and evaporation
temperature (X4) have significant effects on nanodispersion's zeta-potential, which have P-values of
0.0001, 0.0031, 0.0256, 0.0001 and 0.0042, respectively.

It can be seen from Figure 3(c) that the HLB number of the formulation plays a dominant role in
determining the zeta potential of nanodispersions. By increasing the formulation's HLB number, the
zeta potential approaches zero. Theoretically, particles aggregate and coalesce at zeta potentials
below 40 mV. Controlling the particles' growth for two weeks was possible by modifying the
formulation composition and preparation conditions extensively. When the HLB number and
evaporation temperature were at their maximum, a maximum increase in particle growth of 15% was
observed. A relatively higher particle growth rate is obtained from nanodispersions prepared from
micelles with a high ethanol content; up to 30% growth was measured for formulations with higher
HLB numbers and higher evaporation temperatures. Further, varying the surfactant concentration
and evaporation duration did not significantly affect the growth of the particles.

3.5. Optimisation of Ganoderic acid-loaded nanodispersions

Based on the desirability function, a multi-objective optimisation strategy can be described as
transforming the predicted values of the response variables into a desirability value dj, where 0<di<1;
as shown below, increasing di indicates a more desirable response.

Desirability = (d; X dy X ..x dj )/ 3)

Simulation results indicate that the optimal solution in this study has a desirability of 0.624. After
25 min of solvent evaporation at 50 °C, nanodispersions formulated with 5% surfactant (Brij 56 and
Span 20 weighted at three to seven) and 50% Ganoderic acid solution were estimated to have particle
sizes, polydispersity indexes, zeta-potentials, and percentage increases in zeta-averages to be 126.01,
0.292, -51.11, and 0.2013, respectively after two weeks of storage. Verification of the proposed
optimum solution, which is acceptable, was employed, as represented in Table 4. The repeated
experiments have confirmed a good agreement, as described using Equation 4. For the response
variables of particle size, polydispersity index, zeta-potential, and percentage increase in zeta-
average after two weeks of storage, high accuracy was achieved, namely 97.57%, 98.97%, 89.81%, and
81.27%, respectively.

Table 3. RSM prediction accuracy.

Response Variable Pr\e/;l;clteed Expgr;iintal Aci%acy
Y1: Particle Size 126.01 129.07 97.57%
Y2: Polydispersity Index 0.292 0.289 98.97%
Y3: Zeta Potential -51.11 -45.9 89.81%
Y4: % increase in Zeta Average after 2 weeks of storage  0.2013 0.239 81.27%

Valuepredicted - ValueExperimental

Accuracy (%) = 100% —
y( ) Valuepredicted

X 100% )

In short, a more desirable formulation could be achieved if (1) the preparation is carried out
using a surfactant mixture of Brij 56 and Span 20 in a weight ratio of 3:7, (2) the evaporation
temperature applied is as high as possible, and (3) Ganoderic acid concentrations are maintained at
a high level in order to maximise drug loading and to improve the integration of the hydrophobic
core with the stabiliser barrier. Although evaporation duration and surfactant concentration are
assumed to be insignificant process variables, it is always recommended to minimise energy
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consumption as well as formulation toxicity by reducing evaporation duration and surfactant
concentration.

3.6. STEM Imaging

Using Field Emission Scanning Electron Microscopy (FESEM) in Scanning-Transmission
Electron Microscopy (STEM) mode, we examined the surface morphology of Ganoderic acid-loaded
nanodispersions. A picture of the optimal formulation of Ganoderic acid nanodispersion, as
suggested by RSM, is illustrated in Figure 4. Particles of nanodispersion appear to be spherical, with
a diameter of no more than 200 nm and a very narrow particle distribution. The Dynamic Light
Scattering (DLS) technique results are consistent with the previous particle size measurements.

> o |
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Figure 4. STEM images of the Ganoderic acid nanodispersion formulation obtained with the RSM
approach.
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3.7. Effect of pH on the particle’s zeta average and zeta potential

As shown in Figure 5, pH plays an important role in determining the zeta average and zeta
potential of the particles of nanodispersion formulations. Increasing the pH of the solution instantly
decreases the particle's zeta average; however, the intensity of the reduction seems to be very limited.
When the solution pH changes from acid to alkaline, the zeta potential gradually decreases; however,
when the pH reaches 5, a sudden decrease in the zeta potential occurs. Regarding zeta potential, the
effective surface charge of particles determines their dispersion behaviour. As almost all particles
contain surface species or functional groups that cause them to act as acids or bases, this effective
surface charge can also be modified by pH. Particle stability is generally attributed to the negative
charge on the particle surface. The electrostatic repulsion between the particles has been widely
reported as providing a higher energy barrier against coalescence. Specifically, Ganoderic acid-
loaded nanodispersions showed a lower negative zeta potential value (-3 mV to -31 mV) with a
narrow particle size distribution. Under room conditions, they demonstrated excellent stability with
minimal aggregation.
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Figure 5. The effect of solution pH on the zeta average and zeta potential of the obtained Ganoderic

acid nanodispersion.

3.8. Stability during storage for 14 days

The physical stability of nanodispersions was evaluated based on particle size distribution over
14 days. Figure 6(a) and 6(b) illustrate nanodispersions stabilised by surfactants with HLB numbers
of 9.46 and 12.04, respectively. It has been found that the surfactant's HLB number has a predominant
influence on particle growth. The nanodispersion formulated with a surfactant with a low HLB
number (9.46) can moderately control particle growth over 14 days. In contrast, the nanodispersion
generated using a surfactant with a higher HLB number (12.04) induces intense instability, resulting
in an aggressive growth of up to 10 fold, observed after three days of storage. Additionally, it has
been demonstrated that smaller particles have a superior ability to reduce particle growth. Smaller
particles are more susceptible to Brownian motion; therefore, it is less likely that a group of such
particles will adhere together. However, a restrained particle growth rate was observed for some of
the nanodispersions (RSM runs 1, 8, 48 and 50 shown in Figure 6(a)). A higher evaporating
temperature during solvent evaporation could have caused satisfactory ethanol removal. As the
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residual ethanol left behind during evaporation is not removed sufficiently, it may diffuse from the
hydrophobic core during storage, resulting in the size reduction of nanodispersions.
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Figure 6. Particle growth of the formulated Ganoderic acid nanodispersions from different RSM
experiments (refer to Table 2): (a) the formulation HLB value was controlled at 9.46, and (b) the
formulation HLB value was controlled at 12.04. Surfactant-to-water weight ratio (y) was controlled at
0.05 in all the formulations. All measurements demonstrated a standard deviation of no more than
1.75 nm.

It could be noticed from Figure 6(b) that nanodispersions obtained from micelles containing a
lower amount of ethanol (organic core) are more susceptible to particle growth than others. A
remarkable size increment has been observed in the RSM runs 22, 27 and 28, possibly due to a looser
assembly of the drug hydrophobic core and stabiliser barrier, which has led particles to grow up to
10-fold in the first three days. As a result of the surface energy gradient of the smaller particles,
molecules from such an assembly of hydrophobic drug cores and stabiliser barriers flow freely from
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one particle to another. Finally, this phenomenon contributes to the growth rate of larger particles.
However, the growth rate of the particles was reduced once they had grown beyond 1500 nm.

4. Conclusion

Ganoderic acid-loaded nanodispersions can be produced using ultrasound and solvent
evaporation techniques, an alternative to conventional methods. By developing the quadratic
response function, we were able to determine the importance of each process variable and optimise
the process conditions so that nanodispersions would possess favorable physical properties, namely
a smaller particle size, a low polydispersity index, a high negative zeta potential, and a slow particle
growth rate. According to the simulation results, a good formulation should have a low surfactant
concentration and an HLB number of at least 10. Higher evaporation temperatures have been found
to encourage the formation of nanodispersions with smaller particle sizes. At the same time, the
micellar system's organic phase determines the particles' stability. Microscopy images revealed that
the optimised Ganoderic acid-loaded nanodispersions displayed spherical morphology and narrow
particle size distributions. The particle size distribution profile was not affected by the pH of the
solution in general.
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