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ARTICLE INFO ABSTRACT

Keywords: The current study was conducted to present novel thermophysical data on tretinoin-loaded nio-
TYEtiHOi“'IO?ded niosomes somes paired with a combination of span 60 and tween 80. Measurements were carried out to
Thermophysical data analyze the liquid mixture density and viscosity of the mentioned multilayered structures for the
Span 60 first time, with consideration given to the diverse molecular weights of surfactants and various
Tween 80 s . s . .

Dodecanol stabilizers at different temperatures. Through the application of equations of state, this study has

Response surface methodology the ability to set the stage for thermodynamic modeling of solutions that involve niosomes,

Optimization presenting a promising avenue for further research. So, tretinoin-loaded formulations were pre-
pared by investigating the effects of different co-surfactants, including cholesterol or dodecanol,
as well as the impact of surfactant molecular weight limited to 650.525-1090.175 g mol~!. This
novel investigation was conducted to assess the superior stabilizing capabilities of dodecanol in
comparison to cholesterol, with a specific emphasis on optimized vesicle size, highest incorpo-
ration efficiency, and lowest zeta potential. In particulars, the response surface methodology
(RSM) was applied to optimize the operative factors and the number of experiments. The
experimental evidence clearly indicates that the use of dodecanol in the manufacturing process
significantly improves the stability of niosomes, while the inclusion of cholesterol leads to higher
liquid mixture density and viscosity in the prepared niosomes.

1. Introduction

Design of the recently developed carriers shows a significant aim of the medical investigations. Vesicles, including niosomes and
liposomes, are one of the nanostructures, providing access to enhanced medication local efficiency. However, their role as a skin drug
delivery system is debatable, with varying effects observed depending on the category of vesicles and their content. As a consequence,
throughout the last twenty years, new kinds of vesicles have been produced to maximize the drug delivery through the skin [1-4].

Non-ionic surfactant vesicles known as niosomes have been researched as a substitute for conventional liposomes in the latest days.
Particularly, in comparison to phospholipid vesicles, they provide more chemical stability, lower prices, and better surfactant class
accessibility [5-8]. Niosomes, especially, appear to be a promising drug delivery mechanism for dermatological treatments [9].
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Actually, therapeutically effective niosomes can prolong medication residency duration in the epidermis and stratum corneum while
lowering drug absorption in the bloodstream. So, they are supposed to enhance the characteristics of the horny layer by decreasing
transepidermal water loss and enhancing softness through refilling depleted skin lipids [10,11].

Niosomes are obviously prepared via non-ionic surfactants, co-surfactants, organic solvents, water, and drugs. In detail, non-ionic
surfactants include spans, tweens, brijs, etc. Moreover, organic solvents contain methanol, chloroform, dichloromethane, etc. Also, the
main co-surfactants are cholesterol and dodecanol that are used as membrane stabilizers. It should be noted, cholesterol is more
commonly used in the formulation of niosomes compared to dodecanol. Although there has been lots of investigations in the case of
cholesterol usage as a stabilizer in niosomes formulation, there has been the minimum studies in the case of dodecanol [12-14]. For
illustration, Gutiérrez et al. [13] investigated a number of formulations for iron-entrapped niosomes with better entrapment stability.
For niosome preparation, they chose a modified ethanol injection approach. They made niosomes using food-grade surfactants,
containing polyglyceryl-3 dioleate, glycerol monoleate, or sorbitan monooleate, as well as dodecanol as a membrane stabilizer. It had
iron encapsulation efficiencies of 72-84 percent. Furthermore, in the case of cholesterol application, Poustforoosh et al. [15], used
niosomes structures in a new and effective way. The binding affinity of various biomolecules, including amino acids and carbohy-
drates, was evaluated in relation to their associated transporters through a molecular docking approach. Those biomolecules exhib-
iting the highest binding affinity were chosen for conjugation to niosomes. Following the conjugation of these biomolecules to cetyl
alcohol, bio-conjugated vesicles were prepared with a non-ionic surfactant (Span 60) and cholesterol using the thin-film hydration
method. The authors demonstrated that computational methodologies serve as effective techniques for identifying suitable targeting
agents. In addition, trehalose emerged as a promising candidate for bio-conjugation, enhancing the transport of niosomes across the
blood-brain barrier.

Obviously, The majority of dodecanol studies have been done in food industry, and the lack of research is perceived on skin drug
delivery via niosomes. Among various medicines of skin treatment, all-trans retinoic acid or tretinoin (TRA) is an operative vitamin
that has attracted lots of consideration in recent years [16-20]. It is also used for ichthyosis, acne vulgaris, and psoriasis [21,22].
However, the serious adverse effects of taking TRA orally make it unsuitable. Local tretinoin therapy is beneficial for dermatological
problems while minimizing systemic toxicity and exposure [23,24]. Nevertheless, various disadvantages limit its topical utilization,
including relatively poor water solubility, skin irritation, and photostability [25,26]. Tretinoin niosomal and liposomal preparations
have been investigated to circumvent all of these drawbacks [27-34]. For instance, Manconi et al. [28] reported that tretinoin (0.02 %)
may be carried via liposomes, and it also can produce higher efficiency and more stable formulations using niosomes. Furthermore,
Manconi et al. [29] examined the ability of niosomes as topical vehicles able to increase the stability of photosensitive medications by
comparing the chemical stability of TRA in methanol and vesicular solutions subjected to synthetic daylight and UV. They prepared the
tretinoin-loaded niosomes from brij 30, span 40 or span 60, and a commercial mixture of Triton CG 110. Likewise, Rahman et al. [33]
created a retinol liposomal gel formulation with a higher clinical impact and a decreased risk of skin irritation.

As a carrier for transdermal medication delivery, niosomes appear to be very hopeful [35,36]. Niosomes have been discovered to
reduce TRA toxicity, change its bioavailability and pharmacokinetics, and enhance its photostability. It has been begun searching on
retinoid niosomal compositions in the hopes of creating novel TRA-friendly topical application forms.

Clearly, the effects of formulation including the molar ratio of surfactant:co-surfactant, and the kind of drugs have been investi-
gated widely in cutaneous niosomes preparation along with cholesterol. Unfortunately, insufficient literature exists so far on the
impacts of other processing parameters about such structures; these influences are crucial to the formation of these vesicles as effective
delivery carriers. Hence, other significant processing factors involving the hydration and solvent evaporation temperature, pH, ul-
trasonic time, ultrasonic bath temperature, kind of organic solvent, type of stabilizer, molecular weight of surfactant should be studied
sufficiently in the case of cutaneous drugs. Consequently, the lack of a comprehensive reference that can assess the impact of oper-
ational parameters with minimal testing and cost is obvious in the delivery of dermatological drugs such as tretinoin via niosomes.
Also, another problem is related to the lack of data in the case of liquid mixture density and viscosity of TRA-loaded niosomes. Once the
thermophysical data is obtained, the thermodynamic modeling of the multilayer structures can be easily accomplished through the use
of the equations of state.

This research was carried out to broaden the thermophysical data on tretinoin-loaded niosomes, focusing on skin delivery niosomes
in conjunction with a combination of span 60 and tween 80. So, the thin film hydration method was firstly applied as a proper
procedure to prepare the TRA-loaded niosomes supplied with multi-layer vesicles. In detail, ultrasonic time, surfactant molecular
weight, and type of co-surfactants were considered as the most effective parameters. The category of co-surfactants included
cholesterol or dodecanol, which were being studied to determine the advantages of dodecanol over cholesterol as a stabilizer that was
not as commonly used. The response surface methodology was utilized as a statistical method to adjust the operative factors and the
number of experiments. Subsequently, the morphology, size distribution, zeta potential, and entrapment efficiency were checked.
Following the preparation of niosomes using diverse processing parameters, the density and viscosity of the mixture were assessed for
each structure. This meticulous evaluation aimed to establish an appropriate methodology for studying the thermodynamic modeling
of niosomes as efficacious pharmaceutical structures. Indeed, these thermophysical properties were measured for different molecular
weight of surfactants mixture and various co-surfactants at a constant sonication time equal to 17 min.
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Table 1
Formulation of the different TRA-loaded niosomes. Three central points were selected. The central points were not repeated in the Table.
Sample Number ~ Molecular Weight of Surfactant (g.mol ™) ~ HLB Molar ratio of Tween 80: Span 60  Sonication Time (min)  Kind of Co-Surfactant
CH-1-1 650.525 7.275 0.25:0.75 13 cholesterol
CH-1-2 650.525 7.275 0.25:0.75 15 cholesterol
CH-1-3 650.525 7.275 0.25:0.75 17 cholesterol
CH-2-1 870.350 9.850 0.50: 0.50 13 cholesterol
CH-2-2 870.350 9.850 0.50 : 0.50 15 cholesterol
CH-2-3 870.350 9.850 0.50 : 0.50 17 cholesterol
CH-3-1 1090.175 12.425 0.75:0.25 13 cholesterol
CH-3-2 1090.175 12.425 0.75:0.25 15 cholesterol
CH-3-3 1090.175 12,425 0.75:0.25 17 cholesterol
D-1-1 650.525 7.275 0.25:0.75 13 dodecanol
D-1-2 650.525 7.275 0.25:0.75 15 dodecanol
D-1-3 650.525 7.275 0.25:0.75 17 dodecanol
D-2-1 870.350 9.850 0.50 : 0.50 13 dodecanol
D-2-2 870.350 9.850 0.50: 0.50 15 dodecanol
D-2-3 870.350 9.850 0.50 : 0.50 17 dodecanol
D-3-1 1090.175 12,425 0.75:0.25 13 dodecanol
D-3-2 1090.175 12.425 0.75:0.25 15 dodecanol
D-3-3 1090.175 12,425 0.75:0.25 17 dodecanol

2. Experimental section
2.1. Materials and methods

2.1.1. Materials

The two consumed non-ionic surfactants have been tween 80 and span 60. Span 60 and tween 80 were used as a hydrophobic and
hydrophilic substances, respectively. Polyoxyethylen (20) sorbitanmono-oleate (tween 80) was kindly provided from iPanreac
AppliChem (Panreac Quimica SLU, ITW Reagents, Spain). Also, sorbitanmono-stearate (span 60) was prepared from iMerck
Millipore Corporation. Furthermore, cholesterol and dodecanol were provided by Sigma-Aldrich and Merck Millipore Corporation,
respectively as membrane stabilizer. Besides, tretinoin was obtained from Sepidaj Pharmaceutical Co (Iran, Tehran). Methanol was
generously supplied from Ameretat Shimi Pharmaceutical Co, and dichloromethane was purchased via Merck Millipore Corporation.
Likewise, the hydration process was performed via deionized water. Deionized water was purchased from the Semnan Azma
laboratory.

2.2. Methods

2.2.1. Response surface methodology (RSM)

Statistically, the RSM indicates the relations of numerous descriptive variables and one or further response variables [37,38]. As a
beneficial experimental design plan, the Central Composite Design (CCD) offers high-quality correlations of quadratic and linear
interaction impacts of factors affecting the procedure [39]. So, Design Expert software (version 11.1.1.0) was applied for analyzing the
reaction parameters via the RSM and CCD. The CCD was applied to estimate the optimal circumstances in the case of maximum IE %,
the minimum particle size, and the lowest zeta potential. Two numerical parameters along with one categorical factor were used with
three input levels for experiments design. The numerical factors contain the molecular weight of surfactants (g.mol~') and sonication
time (min). Moreover, the kind of co-surfactant is utilized as categorical factor.

Also, Table 1 has listed 18 different TRA niosome formulations. This Table contains the hydrophilic lipophilic balance (HLB) of
surfactants mixture calculated as below:

HLB,y = Z x;:HLB; (¢D)

in which, x; represents the mole fraction of surfactant i. Index mix shows the mixture.

It is important to highlight that the appendix provides a detailed explanation of the molar mass calculation of the surfactant
mixture, as well as the HLB value of the mixture.

The ultrasonic time was set between 13 and 17 min to ensure the solution’s uniformity and homogeneity, free of solid particles.
Since Span 60 has strong hydrophobic properties, it requires a longer ultrasonic time, typically above 10 min. However, the most
significant effects of ultrasonication occur in the initial stages, so intervals of 2 min were considered for precision. While different
ratios of Span 60 and Tween 80 have not yet been explored, a molar mass range of 650.525-1090.175 g mol~* was selected for this
study. Additionally, dodecanol was investigated as a potential new stabilizer to replace traditional cholesterol.

2.2.2. Tretinoin-loaded niosomes preparation
Tretinoin niosomes were prepared using the thin film hydration method [40] via the rotary evaporator (HAHNSHIN SCIENTIFIC
CO, HAHNVAPOR, HS-2005V-N, South Korea) based on the presented formulation in Table 1. Multilamellar vesicles (MLVs) were
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Fig. 1. Standard calibration curve of tretinoin at 357 nm.

provided in a constant molar ratio of surfactant to co-surfactant equal to 3:1 (total molarity of 10 mM). A mixture of span 60 and tween
80 with a molecular weight of 650.525, 870.350, and 1090.175 g mol~! was used to make the consumed surfactant. The HLB of
manufactured niosomes were 7.275, 9.850, and 12.425 for 650.525, 870.350, and 1090.175 g mol’l, respectively. Dodecanol and
cholesterol were also utilized as co-surfactants. Hence, a mixture of surfactants in a given molecular weight, one of the noted
co-surfactants, and tretinoin (5 mg) were dissolved in 10 ml of dichloromethane. Subsequently, the organic solvent was vacuum
evaporated at 313.15 K and 80 rpm for 120 min. The attained solid phase was then hydrated via 60 ml of deionized water at 313.15 K
and 80 rpm. The water was added to the system in four steps for 40 min. Eventually, the hydrated solution was sonicated using an
ultrasonic cleaner (ALEX machine, Japan) at a working frequency of 32 kHz and ambient temperature. The sonication time was
adjusted to 13, 15, and 17 min.

2.2.3. Surface charge, particle size, and polydispersity index (PDI) measurements

The zeta potential, mean diameter and polydispersity index of tretinoin-loaded niosomes were examined via dynamic light scat-
tering apparatus (Malvern, Zetasizer, Nano series, ZS90 with a serial number of MAL1236033, United Kingdom). Moreover, the device
can measure the particle size in the range of 0.3 nm up to 5 pm.

2.2.4. High resolution scanning electron microscopy test

The structure of vesicles was determined via scanning electron microscopy (HR-SEM). A droplet of the manufactured niosomes was
poured on a copper grid and vacuumed for nearly 10 min. The samples were subsequently analyzed and photographed using a HR-SEM
QUANTA 200, America at an accelerating voltage of 0.2-30 kV.

2.2.5. Incorporation efficiency (IE%) determination

The loaded TRA was separated from unincorporated TRA in niosomes structures via centrifugation (Bench top high speed
centrifuge HS 18500 R, FAR TEST, FARZANEH ARMAN Co, Iran) at 11000 rpm and 4 °C for 30 min. The supernatant was separated
from the precipitate. Consequently, unincorporated TRA was examined using UV absorbance (UV Visible spectrophotometer, SHI-
MADZU UV-1650PC, Kyoto, Japan) at A357 nm utilizing 1 cm quartz cell along with empty niosome as blank. Hence, the incorporation
efficiency (IE) was calculated as below [41]:

Entire drug quantity — Unloaded drug quantity © 10

% —
IE% Entire drug quantity 0 @
The unloaded drug quantity was computed applying Beer-Lambert law as follow [42-44]:
A=¢bC 3
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Fig. 2. HR-SEM of TRA loaded niosomes which were prepared using dodecanol and cholesterol. (a) sample D-1-1, (b) sample D-2-1, (c), (d) sample
D-3-3, (e) sample CH-1-2, (f) sample CH-2-3, (g) and (h) sample CH-3-1.

in which, A is the Absorbance at Ay« obtained from UV spectrophotometer. In addition, b indicated the optical path length in cm
wehich is equal to 1 cm. Besides, C and ¢ are concentration (pg.ml™!) and molar absorptivity (ml.cm.pg 1), respectively. So, knowing
A, b, and ¢, the unloaded drug (C) will be calculated. The molar absorptivity (¢) of TRA-loaded niosomes have obtained by plotting the
calibration curve and using the empty niosomes as blank. Fig. 1 has illustrated the absorbance data versus wavelength (a) and con-
centration (b).

During the calibration procedure, a stock solution with a concentration of 150 pg L™ was prepared using the drug and methanol as
the solvent. Additionally, a drug-free niosome was formulated, incorporating Tween 80, Span 60, and a co-surfactant with a defined
molar mass. Subsequently, the drug-free niosome underwent centrifugation under the above-mentioned conditions. Various volumes
of the stock solution were then introduced to the centrifuged niosome to achieve different drug concentrations within the niosome. The
resulting solutions were subjected to UV spectrophotometric analysis, with absorbance measurements taken across a wavelength range
of 200-800 nm. It is important to highlight that the drug-free and centrifuged niosome served as the blank solution. The absorbance
data indicated that the peak absorption occurred at a wavelength of 357 nm, which was thus identified as the optimal wavelength.
Furthermore, the molar absorptivity (¢) was calculated from the slope of the absorption versus concentration graph during the
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Table 2
Particle size, PDI, IE, and zeta potential of RSM designed formulations of TRA-loaded niosomes.

Sample M; (g Sonication Time Co- Particle Size PDI (average + 1IE (%) Zeta Potential
Number mol’l) (min) Surfactant (nm) SU) (average + (mV)

(average + SU) SuU) (average + SU)
CH-1-1 650.525 13 cholesterol 303.50 £+ 10.1 0.57 +0.021 59.64 + 0.51 —15.50 + 0.50
CH-1-2 650.525 15 cholesterol 286.63 + 8.60 0.58 £ 0.011 59.40 + 0.32 —15.20 £+ 0.40
CH-1-3 650.525 17 cholesterol 260.16 + 9.30 0.59 + 0.012 59.18 + 0.44 —14.90 + 0.45
CH-2-1 870.350 13 cholesterol 222.11 + 5.40 0.72 + 0.009 78.94 £ 1.10 —13.90 + 0.96
CH-2-2 870.350 15 cholesterol 220.33 £ 5.10 0.70 + 0.007 70.87 + 0.20 —12.16 + 0.87
CH-2-3 870.350 17 cholesterol 219.36 + 4.60 0.65 £+ 0.010 70.70 + 0.36 —11.56 + 0.65
CH-3-1 1090.175 13 cholesterol 502.63 + 15.2 0.98 + 0.022 70.31 £ 0.26 —18.46 + 0.24
CH-3-2 1090.175 15 cholesterol 474.53 £13.1 0.97 + 0.031 70.01 + 0.35 —18.16 + 0.36
CH-3-3 1090.175 17 cholesterol 407.56 + 14.6 0.95 + 0.029 69.12 + 0.23 —17.46 + 0.48
D-1-1 650.525 13 dodecanol 293.10 £ 7.40 0.63 + 0.016 77.59 + 1.23 —12.10 £ 0.11
D-1-2 650.525 15 dodecanol 269.30 =+ 6.60 0.64 + 0.019 73.76 £ 2.12 —12.60 + 0.15
D-1-3 650.525 17 dodecanol 265.40 + 4.20 0.67 £+ 0.021 67.07 +£1.36 —12.96 + 0.22
D-2-1 870.350 13 dodecanol 239.63 + 6.80 0.79 + 0.008 79.48 + 0.56 —19.50 + 0.26
D-2-2 870.350 15 dodecanol 228.53 £ 5.20 0.82 + 0.007 76.85 + 0.42 —19.65 + 0.13
D-2-3 870.350 17 dodecanol 220.66 =+ 4.30 0.87 +0.011 73.76 £ 0.98 —19.90 + 0.32
D-3-1 1090.175 13 dodecanol 413.66 + 12.1 0.66 + 0.032 77.69 + 1.10 —16.50 + 0.46
D-3-2 1090.175 15 dodecanol 386.53 + 4.10 0.62 + 0.039 72.44 £ 0.65 —17.02 +£ 0.31
D-3-3 1090.175 17 dodecanol 382.15 + 3.60 0.56 + 0.036 71.81 + 0.56 -17.16 +£ 0.12

calibration, yielding a value of 0.047.

It should be mentioned that the molecular weight, sonication time, and the type of co-surfactants do not affect the ¢ in calibration
process, and this data is constants in all calculations. Neither dodecanol nor cholesterol peak in this range. This was analyzed by UV
spectra of dodecanol and cholesterol in the same blank. Also, the standard deviation to data points in the calibration curve is +0.05.

2.2.6. Density measurement
An oscillating U-tube digital densitometer Anton Paar-DMA 4500 M was operated to evaluate the liquid mixture density of TRA-
loaded niosomes. This device can measure the liquid density between 0 and 3 g cm ™ at the temperature range 273.15-363.15 K.

2.2.7. Viscosity measurement

A rolling-ball micro viscometer Anton Paar-Lovis 2000 M was utilized to estimate the liquid mixture viscosity of TRA-loaded
niosomes. This apparatus can determine the liquid viscosity between 0.3 and 10000 mPa s at the temperature range
278.15-373.15 K.

3. Results and discussion

In this work, a set of designed experiments were done to optimize the particle size, IE %, and zeta potential of the tretinoin-loaded
niosomes, and then measure the liquid mixture density and viscosity of these formulations. As previously stated, the RSM was used to
determine the best conditions and reduce the number of experiments. For the experiment design, three levels were applied with two
numerical parameters and one categorical factor. The molecular weight of surfactants and the sonication time were the numerical
factors. In addition, the type of co-surfactant was selected as a categorical component. Now, the results of performed experiments and
the coded equations of the RSM optimization are presented in the niosomes characterization part and RSM optimization section,
respectively. The most important features of TRA-loaded niosomes were HR-SEM, paricle size, PDI, zeta potential, and IE %. Following
this, an analysis of the liquid mixture density and viscosity was conducted in these formulations and outlined in the niosomes char-
acterization section, with the intention of introducing a fresh perspective to the thermodynamic modeling of these structures. Some of
these characteristics were modeled with the RSM to investigate the interactions of parameters. The related results were discussed in the
RSM optimization part.

3.1. Niosomes characterization

3.1.1. HR-SEM test

As mentioned previously, using the RSM design, various formulations were prepared in the case of TRA-loaded niosomes. So, it is
vital to determine whether the RSM designed formulations of niosomes were formed or not. The formation ability of TRA-loaded
vesicles was investigated by HR-SEM test in all mentioned formulations. Fig. 2 has indicated a few photomicrographs of the pro-
vided niosomes via dodecanol and cholesterol. Evidently, the spherical MLV structures were shaped.

In earlier studies, a wrinkle-like shape resembling a SEM has been observed in niosomes. This phenomenon has been attributed to
the interaction of surfactants with varying carbon chain lengths, alongside the disparities in their hydrophilic and hydrophobic
properties, which subsequently influence the surface free energy [45,46].
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Table 3
The density and viscosity values of TRA-loaded niosomes at different temperatures and molecular weights.
dodecanol cholesterol
Temperature (K) Molecular weight (g.mol™1) Density (g.cm ™) Viscosity (mPa.s) Density (g.cm %) Viscosity (mPa.s)
650.525 0.99912 1.0859 0.99915 1.0846
293.15 870.350 0.99927 1.0890 0.99939 1.1127
1090.175 0.99949 1.1052 0.99951 1.0498
650.525 0.99793 0.9661 0.99795 0.9700
298.15 870.350 0.99808 0.9729 0.99820 1.0038
1090.175 0.99830 0.9864 0.99838 0.9313
650.525 0.99650 0.8599 0.99640 0.8769
303.15 870.350 0.99665 0.8756 0.99677 0.9211
1090.175 0.99687 0.8874 0.99695 0.8611
650.525 0.99484 0.7708 0.99482 0.7897
308.15 870.350 0.99499 0.7894 0.99512 0.8533
1090.175 0.99520 0.7922 0.99532 0.7597
650.525 0.99297 0.7198 0.99303 0.7152
313.15 870.350 0.99309 0.7407 0.99325 0.7311
1090.175 0.99334 0.7372 0.99345 0.6939

1 The standard uncertainty values for dodecanol: SU (density) = 1.20E-04 (g cm ™), and SU (viscosity) = 9.00E-03 (mPa s).
2 The standard uncertainty values for Cholesterol: SU (density) = 2.40E-04 (g cm’3), and SU (viscosity) = 1.10E-02 (mPa s).

3.1.2. Vesicles particle size, polydispersity index, zeta potential, and incorporation efficiency

The four significant parameters of niosomes characterization have been summarized in Table 2 using 18 designed formulations.
These factors contain mean particle size, polydispersity index, zeta potential, and incorporation efficiency. Also, the standard un-
certainty (SU) has been listed for all measured properties.

According to the presented data and fixing the sonication time at a constant value, as the molecular weight of mixed surfactants
increases, the mean particle size tends to a minimum value, and it consequently increases for both co-surfactants. The minimum
particle size occurs at the molar ratio of 0.5:0.5 of tween 80:span 60 for both co-surfactants (samples D-2 and CH-2 correspond to the
molecular weight of 870.350 g mol ! and HLB of 9.850). The HLB of surfactants mixture has the middle value in this molecular weight,
and so, it is guessed that this molar ratio has had the best equivalence for decreasing the contrasting effects of hydrophilic-lipophilic
balance. Consequently, the minimum particle size will be formed.

Formerly, it has been reported that the increment of the HLB and surface energy can increase the particle size of niosomes [47-50].
Also, longer alkyl chains and smaller head groups of surfactants resulted in the configuration of bigger vesicles [51-57]. So, when HLB
is below 9.850, the smaller head group (low molecular weight) and reduced hydrophilic to lipophilic head group area cause surface
energy increment and formation the thicker vesicles size. Moreover, high HLBs and longer alkyl chains lead to balance perturbation
and consequently surface energy increment. Hence, at higher HLBs the, average size becomes more. Subsequently, the minimum
average size occurs at the optimized HLB and surface energy.

Likewise, comparing cholesterol and dodecanol, cholesterol has produced bigger vesicles. Although both substances are hydro-
phobic, cholesterol has more lipophilicity. Therefore, for the same reason as mentioned above, cholesterol will make larger bilayers
and higher surface energy [52].

Furthermore, increasing the molecular weight at a constant sonication time, the IE percent has been augmented up to a maximum
value, and it decreased subsequently for both co-surfactants. Hence, the maximum IE has occurred at the minimum particle size. The
same reason has been offered for this phenomenon.

Encapsulation of non-ionic vesicles is actually a result of the synthesis method, dispersion stability, and bilayer intrinsic properties.
Another important parameter in IE % increment is related to niosome membrane stability [58]. Indeed, existing the optimal condition
between hydrophilic and hydrophobic interactions leads to equilibrium development, membrane stability and therefore, maximizing
the amount of drug intake. Moreover, cholesterol has had smaller IE % in comparison with dodecanol due to more surface energy as
described above.

Additionally, when it comes to investigating the zeta potential and obtaining its relation with molecular weight increment, zeta
potential becomes more positive and more negative for cholesterol and dodecanol, respectively, and it changes its trend afterwards. It
means that the zeta potential has the highest and lowest values at a constant sonication time for cholestrol and dodecanol at 870.350 g
mol 2, respectively.

In more detail, zeta potential demonstrates the electrical potential at the slipping surface. This interface can separate mobile fluid
from the fluid that remains attached to the surface. In the case of negative zeta potentials, the bilayer has been surely formed without
charged species [52]. This occurs due to the preferred adsorption of OH™ ions or counters ion adsorption. So, zeta potential should be
the most negative one in dodecanol and at the best stability due to the more preferred adsorption of OH™ ions. Hence, in the case of the
minimum paricle size (870.350 g mol™1), dodecanol can place near the interface due to its more hydrophilicity and OH group, and
subsequently it can cause more negative charge (the lowest value of zeta potential). This situation is vice versa for Cholesterol.

Changing our viewpoint and setting the molecular weight at a constant value equal to 650.525, 870.350, or 1090.175 g mol~?, as
the sonication time increases, the mean particle size and IE % tend to a minimum value, for both co-surfactants. The results are similar
to the previous studies [59]. In addition, at a conatant molecular weight, zeta potential has became more negative and positive for
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Fig. 3. Measured density (a) and viscosity (b) data as a function of molecular weight at constant temperatures for dodecanol.
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Fig. 5. Interactive effects of the sonication time (min) and molecular weight of the surfactant (g,mol’l) for (a) dodecanol, and (b) cholesterol in the
case of particle size (nm), as well as (c) the diagnosis of the model for the predicted values vs the actual values of particle size (nm).

dodecanol and Cholesterol, respectively by increasing the sonication time. These results are consistent with the above description.

3.1.3. Vesicles density and viscosity

The density and viscosity data of TRA-loaded niosomes were measured at five various temperatures. The temperatures range
293.15-313.15 K with 5 K intervals at the soniction time set as 17 min. The rationale for choosing this ultrasonic time is the confirmed
stability outlined in the earlier section. Also, the vesicles density and viscosity were measured for different molecular weight of
surfactants mixture changed between 650.525 and 1090.175 g mol*. The tests were performed for both dodecanol and cholesterol.

Table 3 has summarized the density and viscosity data at various temperatures and molecular weights for both co-surfactants.
Moreover, the standard uncertainty values of vesicles density are 1.20E-04 and 2.40E-04 (g cm™~3) for dodecanol and cholesterol,
respectively. Also, the standard uncertainty values of vesicles viscosity are 9.00E-03 and 1.10E-02 (mPa s) for dodecanol and
cholesterol, respectively. Likewise, Figs. 3 and 4 have illustrated the density and viscosity data as a function of molecular weight of
surfactants at constant temperatures for dodecanol, and cholesterol, respectively along with related error bars.

Obviously, as the temperature increases, the density and viscosity of the vesicles decrease. Increasing the temperature, the volume
increases, and as a result, the density of the mixture decreases [60]. In the case of viscosity reduction, since intermolecular forces and
molecules adhesion decrease, the vesicles viscosity is reduced via temperature increment [61,62]. The solute-solvent or sol-
vent-solvent interactions are a consequence of hydrogen bonds. So, they can be destroyed at higher temperatures by thermal motions
[62].

It has also been observed, increasing the molecular weight of surfactants and HLB causes an increment of the vesicles density.
Increasing the molecular weight leads to mass increment at a constant mol, which subsequently leads to density increment. Because of
the same reason, the density of the niosomes containing cholesterol is more than dodecanol.

In addition, increasing the molecular weight of surfactant causes increment of the liquid mixture viscosity in the case of dodecanol.
Furthermore, in the case of cholesterol, the viscosity increases with molecular weight increment, and it subsequently decreases. It
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Fig. 6. Interactive effects of the sonication time (min) and molecular weight of the surfactant (g.mol’l) for (a) dodecanol, and (b) cholesterol in the
case of zeta potential, as well as (c) the diagnosis of the model for the predicted values vs the actual values of zeta potential (mV).

means that the viscosity of the niosomes, including cholesterol, has the highest value at the molecular weight of 870.35 g mol L.
Actually, The average size, lipid content, and niosomes composition are the basic parameters affecting the niosomes viscosity [62].

Indeed, molecular weight increment is correspond with increasing the Tween 80 content, alkyl chain, and hydration of niosomes.
So, in the case of dodecanol, the molecular weight increment leads to surfactant/lipid content that consequently causes the increment
of the intermolecular forces, molecules adhesion, and viscosity. Also, the hydration increment can multiply the efficient volume
fraction and viscosity [62]. When it comes to cholesterol, it is gussed that the hydration process and the solvent-vehicles interactions
decrease at molecular weight of 1090.175 g mol ™! due to the nature of cholesterol and its more hydrophobicity in comparison with
dodecanol.

3.2. RSM optimization

As it mentioned above, the RSM was applied to estimate the optimal circumstances in the case of maximum IE %, the minimum
particle size, and the lowest zeta potential. Two numerical parameters along with one categorical factor were used with three levels for
experiments design. The numerical factors contain the molecular weight of surfactants (A) and sonication time (B). Moreover, the kind
of co-surfactant is utilized as categorical factor (C). Likewise, average particle size, zeta potential, and IE % were selected as response of
the RSM.

3.2.1. Particle size
According to Table 2, particle size of TRA-loaded niosomes has changed between 219.330 and 502.630 nm. Also, a quadratic model
was used to optimize the solution of the RSM. In addition, the coded equation of average size by the RSM is as below:

Particle Size (nm) =224.69 4 74.08A — 18.28B — 9.45C — 6.94AB — 14.99AC + 5.25BC + 128.97A? + 0.1575B (©)]

10
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Fig. 7. Interactive effects of the sonication time (min) and molecular weight of the surfactant (gr/mol) for (a) dodecanol, and (b) cholesterol in the
case of IE %, as well as (c) the diagnosis of the model for the predicted values vs the actual values of IE %.

Additionally, Fig. 5 has indicated the interactive effects of the sonication time and molecular weight of the surfactant for (a)
dodecanol, and (b) cholesterol in the case of particle size (nm). All the explained results in previous parts have illustrated here. For
example, as the molecular weight of mixed surfactants increases, the mean particle size tends to a minimum value, and it consequently
increases for both co-surfactants. Besides, as the sonication time increases, the mean particle size tends to a minimum value, for both
co-surfactants. Moreover, Fig. 5 (c) has depicted the predicted particle size versus actual particle size. Obviously, the model can
reproduced the experimental data as well.

3.2.2. Zeta potential
Unlike the particle size, a reduced cubic model was applied to evaluate the solution of the RSM. This model was selected because of
its better convergence toward experimental data. Additionally, the zeta potential was coded as follow:

Zeta Potential = — 15.98 — 1.79A + 0.1683B — 3.67C + 0.075AB — 0.3783AC — 0.4883BC + 0.3761A% — 0.0939B2
— 0.025ABC + 4.53A%C + 0.1146B*C %)
In more detail, Fig. 6 has demonstrated the interactive effects of the sonication time and molecular weight of the surfactant for (a)
dodecanol, and (b) cholesterol in the case of zeta potential (mV). All the explained results in previous parts have been approved here.
For instance, zeta potential becomes more positive and more negative for cholesterol and dodecanol, respectively, and it changes its

trend afterwards. In addition, at a conatant molecular weight, zeta potential has became more negative and positive for dodecanol and
cholesterol, respectively by increasing the sonication time. Besides, Fig. 6 (c) has shown the predicted zeta potential vs. actual zeta

11
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Table 4

The RSM solutions for optimizing the IE%, zeta potential, and particle sizes of TRA-loaded niosomes.
Number  Ms of Surfactants Sonication Time Kind of Co- Surfactant  IE SEof IE  Particle Size SE of Particle Size ~ Zeta Potential SE of Zeta Potential PDI SE of PDI Desirability
1 916.171 13.973 dodecanol 79.480 1.226 240.642 10.026 —19.722 0.215 0.805 0.016 0.989
2 913.848 13.981 dodecanol 79.481 1.225 239.363 10.021 —19.722 0.216 0.806 0.016 0.989
3 1084.272 13.000 cholestrol 72.472 1.969 473.392 16.104 —18.592 0.338 0.980 0.025 0.743
4 1082.522 13.000 cholestrol 72.524 1.959 470.637 16.018 —18.516 0.336 0.977 0.025 0.740
5 1084.380 13.036 cholestrol 72.410 1.944 473.006 15.901 —18.575 0.333 0.980 0.024 0.740
6 1084.579 13.100 cholestrol 72.301 1.903 472.342 15.565 —18.547 0.324 0.980 0.024 0.736
7 1088.193 13.953 cholestrol 71.037 1.629 465.025 13.324 —18.253 0.275 0.980 0.020 0.685
8 1090.175 14.456 cholestrol 70.476 1.611 460.469 13.174 —18.109 0.278 0.978 0.020 0.661
9 1090.175 14.659 cholestrol 70.312 1.608 457.380 13.153 —18.023 0.279 0.976 0.021 0.652
10 1090.175 14.820 cholestrol 70.196 1.608 454.926 13.148 —17.958 0.280 0.974 0.021 0.645

0 1 00]pRYS v
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potential with good agreement. The color of the points can separate the various zeta potentials. For illustration, the red color is related
to —13 to —12 mV.

3.2.3. Incorporation efficiency
Correspondingly, to optimize the RSM solution, a quadratic model was utilized for IE percent. Moreover, the coded equation of IE %
is as follow:

IE % =74.07 + 2.90A — 2.67B + 3.42C + 0.4888AB - 2.31AC - 1.02BC — 5.77A% + 1.05B? (6)

Besides, Fig. 7 has indicated the interactive effects of the sonication time and molecular weight of the surfactant for (a) dodecanol,
and (b) cholesterol in the case of IE %. Clearly, as the sonication time increases, the IE % tends to a minimum value, for both co-
surfactants. Furthermore, increasing the molecular weight at a constant sonication time, the IE percent has been augmented up to
a maximum value, and it decreased subsequently for both co-surfactants. Also, Fig. 7 (c) has shown the predicted IE percent vs. actual
IE percent in greater detail.

3.2.4. RSM solution

After optimization process, the RSM has offered some solutions for maximizing the IE % and minimizing the zeta potential. Also, it
has been suggested that the particle size be in range. The ten better RSM solutions have been presented in Table 4. Molecular weight of
916.171 g mol ™}, sonication time of 13.973 min, and dodecanol have been optimized as the best solution.

4. Conclusion

The study was carried out to introduce fresh thermophysical findings on tretinoin-containing niosomes combined with span 60 and
tween 80. Measurements were performed to analyze the density and viscosity of the liquid mixture in the mentioned multilayered
structures for the first time, considering the diverse molecular weights of surfactants and various stabilizers at different temperatures.
By employing equations of state, this investigation possesses the capability to establish the foundation for thermodynamic modeling of
solutions containing niosomes, thereby offering a potential avenue for future research. The preparation of tretinoin-loaded formu-
lations involved a study on the influence of different co-surfactants, like cholesterol or dodecanol, and the restriction of surfactant
molecular weight within the range of 650.525-1090.175 g mol L. In order to determine the superior stabilizing abilities, this novel
research aimed to compare dodecanol with cholesterol. The study specifically emphasized the optimization of vesicle size, the
achievement of maximum incorporation efficiency, and the reduction of zeta potential. The RSM was employed to optimize the
operational variables and determine the optimal number of experiments, focusing on specific details. The experimental evidence
unambiguously demonstrates that the use of dodecanol during the manufacturing process greatly improves the stability of niosomes. In
contrast, the inclusion of cholesterol in the prepared niosomes leads to higher density and viscosity of the liquid mixture.
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Appendix

In this part of the document, the methodology for determining the molar mass of the surfactant’s mixture and their HLB will be
outlined.

Consider a formulation that includes the surfactants Span 60 and Tween 80. In this formulation, the molar fraction of Tween 80 is

0.25, while the molar fraction of Span 60 is 0.75. Given that the molar mass of Span 60 is 430.62 g mol ! and that of Tween 80 is 1310

13
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g mol ™}, the following calculations can be derived.

M= > xM; = (0.25 x 1310) + (0.75 x 430.7) = 327.5 + 323.025 = 650.525 % (A1)

here, M shows the molecular weight of surfactant. Moreover, x; represents the mole fraction of surfactant i. Index mix displays the
mixture.

Similarly, the HLB for this mixture is determined using the following method. It is important to highlight that the HLB values for
Span 60 and Tween 80 are 4.7 and 15, respectively.

HLBy = Y XHLB; = (0.25 x 15) + (0.75 x 4.7) = 3.75 + 3.525 = 7.272 nfr (A2)

mol

The calculations for all the numbers displayed in Table 1 have been conducted using this method.

List of symbols

M; Molecular weight of sursactant (g.mol‘l)
€ Molar Absorptivity (ml.cm.ug™)

b Optical Path Length (1 cm)

C Concentration (pg.ml'l)

A Absorbance

Abbreviations

1IE Incorporation Efficiency

PDI Polydispersity Index

HR-SEM High Resolution Scanning Electron Microscopy
TRA Tretinoin

RSM Response Surface Methodology

CCD Central Composite Design

Subscripts

w Water

s Surfactant

mix Mixture

i Component i
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