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ABSTRACT 

Background: Psoriasis is an autoimmune disease characterized by excessive 

proliferation of keratinocytes, and it affects almost 2–3% of the total world 

population. It is a multifactorial disease that can be transferred from generation 

to generation. These factors are genetic background, oxidative pressure, 

lifestyle, drugs, epigenetic, and environmental factors. Several current therapies 

are available for psoriasis treatment, but their undesirable side effects and issues 

cannot be accepted. Conventional dosage forms typically result in suboptimal 

therapeutic outcomes due to inadequate penetration to the site of action. In 

systemic therapy, high doses of drug moieties cause many side effects, such as 

Ustekinumab, etc., which may lead to malignancy. Psoralen plus UVA radiation 

(PUVA) and UVB have been documented for their unacceptable side effects, 

such as cellular mechanism alterations, burning sensation, pain, cost, and 

discomfort. Aims: The study aimed to develop a topical delivery of berberine 

HCl and diacerein-loaded transferosomal hydrogel for psoriasis treatment, 

ensuring a sustained release of loaded bioactives at the disease site. Methods: 

The optimization of transferosomes was performed by a Box-Behnken design 

that offered 13 runs comprised of different combinations of independent factors. 

Independent factors strongly influenced dependent factors and provided 

optimized transferosome formulation with significant results at in vitro and in 

vivo studies. The developed mathematical model was validated using a 

nonlinear quadratic polynomial model. This model can be utilized to produce 

dual delivery transferosomes with desired features. Results: Formulation BDT-

10 had an optimized transferosome formulation of 110.90 ± 2.8 particle size and 

0.296 PDI with 12.44 ± 0.39% deformability. Formulation BDT-10 exhibited 

high encapsulation efficiency of berberine HCl 89.05 ± 1.5 and diacerein 91.23 

± 1.8% with a remarkable drug release profile (at 24 h, diacerein 98.73 ± 3.21% 

and berberine HCl 90.546 ± 0.21%). Optimized formulation showed 

transdermal flux of 0.0224 μg cm-2 h-1 and 0.0462 μg cm-2 h-1, respectively, for 

diacerein and berberine HCl. The formulation effectively permeated pig ear 

skin, as confirmed by Raman analysis because of its deformable property. The 

optimized formulation (formulation BDT-10) showed antioxidant activity with 

an IC50 value of 36.42 μg mL-1 in the DPPH assay and was found non-toxic in 



iv 
 

the HaCaT cell line cytotoxicity test that was performed by the MTT assay. The 

formulation did not cause any skin irritation and was found stable at 4°C and 25 

± 2°C/60 ± 5% RH for 3 months. The optimized transferosome formulation 

(formulation BDT-10) was loaded into a 1% hyaluronic acid gel base 

(formulation BDTG). The optimized transferosomal hydrogel formulation was 

found to be homogenous with a pH of 5.4 ± 0.4, which is acceptable for topical 

delivery. The transferosomal hydrogel exhibited pseudoplastic behavior that is 

acceptable for dermatological therapy with 9.8 g cm sec-1 spreadability. It was 

found that diacerein released 88.44 ± 2.11 % and berberine HCl released 81.56 

± 0.11 % over the course of 24 hours, showing a sustained release profile. The 

hydrogel formulation (BDTG transferosomal gel) showed a reduction in 

erythema and scaling in the psoriatic BALB/c mice model. The skin histology 

depicted an alleviation of epidermal thickness and reduced acanthosis. ELISA 

assay confirmed that the hydrogel formulation reduced inflammation by 

minimizing TNF-α and IL-17A levels. Conclusion: co-delivery of diacerein 

and berberine HCl in lipid-based nanocarriers has effective therapeutic 

outcomes in psoriatic animals due to the improved skin penetration and 

prolonged local residence time. Future prospects: the future scope necessitates 

clinical studies of the developed formulation to prove its anti-psoriatic activity. 
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1.1. INTRODUCTION 

Skin is the most complicated and largest organ in the body that separates the 

exterior and interior. The main purpose of the skin is to maintain a stable body 

temperature and prevent the loss of fluids. Additionally, it serves as a defense 

against physical injuries, chemicals, viruses, and ultraviolet (UV) radiation 

(Mohamed et al., 2021). The skin exhibits significant variations in both its 

function and structure across different regions, rendering it a remarkably 

intricate organ or tissue. Skin, the biggest organ in an adult (6% of body weight), 

covers two square meters and is 2.5 mm thick. Figure 1.1 illustrates cross-

sectional structure of the skin. The epidermal appendages that penetrate deeply 

into the subcutaneous fat layer consist of hair follicles, mammary glands, 

sebaceous glands, apocrine glands, and fingernails (Bragazzi et al., 2019; 

Mohamed et al., 2021; McKnight et al., 2022). 

 

 

Figure 1.1. Cross-sectional view of skin layers: Hypodermis, dermis, epidermis 

(Reproduced with permission. Yousef et al., 2017). 
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It has three layers, each with its own structure and functions: the outermost 

layer, called as epidermis, the layer underneath it known as the connective tissue 

or dermis, and the deepest layer called hypodermis. The skin's intricate barrier 

system shields the body from viruses and other exterior hazards such as poisons 

and pollution, and also internal trauma such as exhaustion and stress. The 

barrier's exceptional mechanical characteristics arise from the interconnection 

of bigger proteins such as cystatin, desmoplakin, and filaggrin and small 

proline-rich proteins during its formation. Skin plays a crucial role in 

maintaining homeostasis through its exocrine and endocrine processes, and its 

regulation of perspiration and temperature. 

 

Keratinocytes, which are cells found in the outer layer of the skin called the 

epidermis, play a role in the endocrine system by producing vitamin D when 

exposed to UV light from the sun. The sebaceous and sweat glands regulate the 

skin's exocrine functions. Nociceptors are essential for detecting and 

transmitting signals related to touch, pain, and temperature (Slominski et al., 

2015). The epidermis is a type of squamous epithelium that undergoes 

continuous keratinization or cornification and ends at the mucocutaneous 

junctions. Along with the stem cell-like keratinocytes, the basal layer of the 

epidermis contains melanocytes and Merkel cells, which produce melanin at a 

ratio of 1:36 with keratinocytes. Langerhans cells, derived from the bone 

marrow, can be located in the stratum spinosum, specifically 8-10 layers of 

keratinocytes above the suprabasal layer (Hoath et al., 2003). The subcutaneous 

layer is a keratinized layer that plays a vital role in maintaining the protective 

function of the epidermis. The cells are connected by corneodesmosomes and 

are covered with lipids. The physical barrier functions to prevent water loss and 

protect against microbial invasion (Elias et al., 2005; Slominski et al., 2012). 

 

The mucocutaneous junctions is a stratified squamous epithelium undergoing 

continuous keratinization or cornification. Merkel cells and melanocytes, which 

produce melanin, are found in the basal layer of the epidermis, but in 

considerably less quantities compared to the keratinocytes, which resemble 
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stem cells (Mohamed et al., 2021; Slominski et al., 2012; Slominski et al., 

2012). The stratum corneum is major hurdle in the skin permeation for topical 

and transdermal delivery. It is composed of proteins and lipids and act as a 

barrier. The drug can pass through the skin either by transepidermal route and 

transappendageal route. In transepidermal route, drugs can further pass through 

either by transcellular or intercellular route. In transappendageal route, drug can 

pass through follicular route, sweat glands, and sebaceous glands. The diameter 

of sweat glands pores is 60-80 µm and diameter of sebaceous pores if 10-70 

µm. It has been reported that the transcellular route offers strongly transport for 

hydrophilic molecules while the lipophilic molecules can pass through the 

intercellular route (Zeb et al., 2019; Raszewska-Famielec et al., 2022). 

 

The basement membrane serves as a barrier between the dermis and epidermis, 

and its main function is to establish the polarity of the squamous epithelium, 

which is constantly renewing and differentiating. Fibrocytes and fibroblasts are 

crucial mesenchymal cell populations that are present in the dermis. These 

structures all enter the outer layer of the skin and the small cavities where hair 

grows to serve as nerve receptors that detect sensations of touch, mechanical 

stimuli, and pressure (Slominski et al., 2012; Stenn et al., 2018; Bragazzi et al., 

2019; Mohamed et al., 2021; McKnight et al., 2022).  

 

The dermis and hypodermis are widely recognized for their mechanical and 

thermoregulatory roles. The hypodermis is composed of fat lobules that are 

separated by fibrous septa. These septa are rich in blood vessels and have a role 

in the skin's functions of insulation, energy storage, and cushioning. The dermis 

and hypodermis get oxygen, nutrients, and regulatory elements from both deep 

and superficial vascular beds. The comprehensive neural network collects the 

information from all skin components and sends it to various coordinating 

centers, including the local, spinal cord, para- and sympathetic centers, and the 

brain (Slominski et al., 2000; Paus et al., 2007; Slominski et al., 2012).  
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1.2. PSORIASIS, DEPRESSION AND SUICIDALITY 

Psoriasis is characterized by a loss of regulation of the epidermal physical 

barrier. The development of skin lesions is caused by the hyperproliferation of 

keratinocytes and the aberrant differentiation of these cells, which ultimately 

leads to the destruction of the epidermal barrier and injury to the epidermis. But 

unlimited cell differentiation led to plaque formation. To be more specific, 

plaques have a cell density that is two to five times higher than regular skin, and 

their transit time via programmed differentiation is at least five to seven times 

faster than normal skin. These lesions are made up of dead skin and reduced the 

effectiveness of treatment because of the poor drug delivery (Orsmond et al., 

2021). Psoriasis leads to excessive cell growth and abnormal skin development 

on the outer regions of the elbows, knees, area between the buttocks, belly 

button, scalp, and nails. This chronic inflammatory skin disorder is 

characterized by painful white or red itchy scales or plaques (Thomas et al., 

2016). Skin scalps occur due to excessive growth of the outer layer of the skin, 

accelerated development of skin cells, and insufficient formation of the 

protective layer of the skin. Mild psoriasis results in the development of scaly 

skin and rashes. In severe instances, individuals may experience the emergence 

of erythematous and pruritic dermal patches (Li et al., 2012).  

 

There are six distinct classifications of psoriasis, which include guttate 

psoriasis, plaque psoriasis, erythrodermic psoriasis, inverse psoriasis, and 

pustular psoriasis. Plaque psoriasis is the predominant form of psoriasis 

characterized by the presence of silver patch scales, itching, and dryness. The 

prevalent anatomical sites are the scalp, knee, elbow, and lower back. Pustular 

psoriasis is characterized by the accumulation of fluid within scaly skin, 

resulting in the formation of pustules. Pustular psoriasis manifests specifically 

on the fingertips and toes. Erythrodermic psoriasis is a disorder characterized 

by inflammation and redness affecting 90% of the body's surface area. Inverse 

psoriasis is characterized by inflammation of the skin in a smooth patchwork 

pattern (Rendon et al., 2019; Ahmad et al., 2022; Dhabale et al., 2022). Figure 

1.2 illustrates various types of psoriasis. 
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Figure 1.2. Schematic presentation of various types of psoriasis (Reproduced 

with permission Tambe et al., 2021). 

 

The development of suicidal behavior and thoughts is impacted by external 

factors and the specific circumstances in which they arise (Case et al., 2015). 

Psoriasis can cause severe symptoms and skin stigma, leading to social 

isolation. Psoriasis patients frequently experience comorbidities such as 

anxiety, depression, and suicidal tendency (Koo et al., 2017). The interplay 

between depression, stress, and psoriasis is elucidated in Figure 1.3 (Alesci et 

al., 2022), illustrating the cyclic mechanism underlying their association. Case 

et al., 2015 found that middle-aged white males in the US have a higher 

likelihood of engaging in suicide compared to other demographic groups. The 



7 

limitations imposed by the disease on social and psychological aspects of life 

result in a significant number, up to 50%, of individuals with psoriasis 

experiencing feelings of despair and isolation. Suicidality include the ideas of 

suicide, actual suicide attempts, and completed suicides. Suicidal behavior 

includes the activities of devising a plan, coordinating the necessary steps, and 

making an actual attempt to end one's life (Ring et al., 2007; Bewkey et al., 

2014) 

 

 

Figure 1.3. Mechanism explaining relationship between depression stress, and 

psoriasis (Reproduced with permission. Singh and Awasthi 2023). 

 

Poor mental health, characterized by symptoms of anxiety or sadness, is closely 

linked to the patient quality of life. The social and psychological ramifications 

of psoriasis are significant as individuals with psoriasis are more susceptible to 

mental health issues and stressful occurrences, which can increase the 

likelihood of developing psoriasis (Martínez-Ortega et al., 2019). Psoriasis can 

manifest at any age, although it predominantly affects those under the age of 40, 

with 75% of sufferers falling into this age group. Additionally, 50% of cases 

occur in individuals under the age of 30. During this period of high maturity, 

the act of stigmatizing causes individuals to experience a loss of confidence 
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when interacting with others, resulting in mental impairment and a struggle to 

achieve a stable life. A higher susceptibility to suicidal tendencies has been 

documented in individuals with more severe psoriasis and younger age groups 

(Singh et al., 2017). 

 

Psoriasis may attenuate the correlation between age and suicidality by 

introducing an extra vulnerability for younger persons. There is a correlation 

between the severity of a condition and a decline in the quality of life due to 

illness. This decline has been found to be correlated with an increase in suicidal 

ideation. People who have severe illnesses are significantly more likely to 

engage in self-harm and attempt suicide, especially when compared to 

individuals with intermediate disorders (Egeberg et al., 2016). Individuals 

diagnosed with psoriasis demonstrated a notable increase in depressive 

symptoms, and they are at least 1.5-fold more prone to developing depression 

and utilizing a greater quantity of antidepressant medications (Dowlatshahi et 

al., 2014).  

 

The Patient Health Questionnaire-9 (PHQ-9) was developed by Mental Health 

Research Network specialists to assess depression based on recognized and 

validated criteria (Lamb et al., 2017; Wu et al., 2017; Koo et al., 2019). 

According to a study by Olivier et al., 2010, severe psoriatic patients are at 

higher risk of depression, with a hazard ratio of 1.72. In comparison, individuals 

with mild psoriasis have a hazard ratio of 1.38. Assessing the detrimental 

repercussions of depression using COX regression is challenging since there are 

just a few instances available for analysis (Strober et al., 2018). Therefore, it is 

imperative to closely monitor the correlation, since successful therapy has the 

capacity to diminish the intensity of the illness and the likelihood of suicide. 

 

1.3. EPIDEMIOLOGY AND ETIOLOGY OF PSORIASIS 

Psoriasis is an autoimmune disease characterized by excessive proliferation of 

keratinocytes and it affects almost 2 – 3 % of the total world population. 
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Although both men and women are susceptible to psoriasis, females and those 

with a genetic predisposition tend to experience an earlier onset. Recently, it has 

been documented that high-income countries such as central and western 

Europe, North America, and Australasia show the highest prevalence rate of 

psoriasis. Moreover, countries like India, the United States, China, Brazil, 

France, Germany, and the United Kingdom with a high adult population 

depicted psoriasis cases also, because this disease is strongly influenced by an 

age factor. The age at which it often begins displays a bimodal distribution, with 

the highest occurrences observed between the ages of 30 and 39, and between 

60 and 69, in men and in women, the commencement tends to occur 

approximately 10 years earlier. 

 

The incidence rates of psoriasis range from 0.09 percent to 11.4 percent, making 

it an important illness condition on a global scale. In India, it affects people at 

the age of 30-50 years with a prevalence of 0.44 - 2.8%. Moreover, the chance 

of males being impacted is twice that of females. Countries that are 

geographically closer to the equator tend to have a lower disease prevalence 

rate. The disparity in incidence among nations can be linked to multiple 

variables, encompassing genetic disparities, environmental exposures, 

healthcare availability, and cultural perspectives on skin-related problems.  

 

Psoriasis is a multifactorial disease that can be transferred from generation to 

generation. These factors are genetic background, oxidative pressure, lifestyle, 

drugs, epigenetic and environmental factors. The majority of the twelve unique 

PSORS (Psoriasis Susceptibility (PSORS)1-9) loci were found by linkage 

analysis of families with multiple cases of psoriasis. One of the earliest and most 

common genetic susceptibility regions discovered in psoriasis was located on 

the short arm of chromosome 6. The first loci associated with psoriasis 

susceptibility, known as PSORS 1, were found to be located on the human 

leukocyte antigen (HLA)- Cw6 gene, specifically positioned at chromosomal 

location 6p21.3.  
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There are several genes related to pathways that play several major functions in 

psoriasis. The HLA-C*0602 and ERAP1 genes associated with antigen pathway 

and that’s responsible for the anti-presentation and MHC-1 binding peptides 

modification. The ZC3H12C, STAT5A/B, IL12B, and ILF3 genes associated 

with Th1 signalling pathway while TYK2, JAK2, STAT3, IL22, KLF4, 

IL17RD, ETS1, and SOCS1 are linked with Th17 signalling pathway. 

Moreover, innate immunity and skin barrier function pathway are directly 

depended on C-REL, TNFAIP3, NFKBIA, DDX58, MICA and DEFB4, 

LCE3B/C, and GJB2 genes (Capon et al., 2017; Pradhan et al., 2018; Parisi et 

al., 2020; Mateu-Arrom et al., 2023).  

 

Epigenetic mechanisms cause changes in gene expression by modifying DNA 

and histones, without affecting the DNA sequence. These alterations affect 

chromatin structure and activate transcription factors, leading to changes at both 

the transcriptional and post-transcriptional levels. Through non-coding RNAs 

can interact with gene transcription, including DNA methylation and histone 

changes, or translation. In addition, it has been reported that methotrexate is 

used to reverse the methylation. Alcohol consumption for a long period directly 

contributes to the keratinocytes overgrowth and also enhances TNF-α level. 

This factor directly affects the immune system and enhances the risk of psoriasis 

development. Besides alcohol consumption, UV exposure, smoking, and 

medication also contribute in the release of TNF-α levels and cause epigenetic 

condition that responsible for the psoriasis development (Berna-Rico et al., 

2023; Mateu-Arrom et al., 2023; Olejnik-Wojciechowska et al., 2024). 

 

1.4. PATHOPHYSIOLOGY OF PSORIASIS 

The exact cause of psoriasis is still unknown. However, there are two main 

factors that can lead to the proliferation of keratinocytes. The interactions of IL-

17, TNF-α, and IFN-γ, lead to inflammation and excessive growth of the outer 

layer of the skin. Additionally, the genetic material and LL37 complexation 
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produce an increase in the synthesis of type 1 IFN, which in turn leads to the 

development of chemokines. The chemokines mentioned play a crucial role in 

causing inflammation and promoting the growth of keratinocytes. Dendritic 

cells (DCs) can be distinguished based on their spatial distribution, source of 

origin, and biological role (Wu et al., 2020; Ben et al., 2021). 

 

Cytokines produced by dendritic cells have an impact on T cells and are 

significant in the cause and progression of psoriasis. Toll-like receptor 9 is 

triggered by pDCs because of the release of LL-37 (an antimicrobial peptide 

released by wounded and stressed keratinocytes) and the formation of 

complexes with cell-free DNA. The activation of toll-like receptor 9 leads to the 

release of IFN-α, which in turn contributes to the creation of MDC and affects 

the activation of T-cells, specifically Th-1 and Th-17 cells. T cells secrete IFN-

γ, TNF-α, IL-22, and IL-17 in response to antigens. 

 

Myeloid dendritic cells relocate to lymph nodes because of heightened 

production of IL-12 and IL-23, and TNF-α. In addition, IFN-α stimulates the 

synthesis of IL-22R and hinders the differentiation of keratinocytes, hence 

contributing to the thickening of the epidermis (Kopfnagel et al., 2018; Xie et 

al., 2021; Kadagothy et al., 2023). T-cells have a crucial function in the 

development of psoriasis. Activated dendritic cells (DCs) travel to the lymph 

node that drains the skin and stimulate the transformation of CD8+ and CD4+ 

T cells into Th17 cells, induced by IL-23, and Th1 cells, induced by IL-12, 

respectively. Th17 cells have a significant impact on immune control by 

releasing IL-17, IL-22, and TNF-α. In addition, IL-22 stimulates the STAT 

pathway, which in turn boosts the growth and specialization of keratinocytes. 

Additionally, it is accountable for the secretion of chemokines from 

keratinocytes. 

 

Therefore, Th17 cells and dendritic cells (DCs) migrate within the epidermis. 

These chemokines sustain the influx of neutrophils into the epidermis, hence 

contributing to the development of psoriasis. Keratinocytes secrete angiogenic 
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growth factors such as VEGF, FGF, and angiopoietin 2. Transforming Growth 

Factor-β (TGF-β), IL-6, IL-1α, IL-20, IL-8, and IL-21 when stimulated by these 

ligands, stimulate the growth of the outer layer of the skin, hinder the process 

of specialization, and cause the formation and reorganization of the material 

surrounding the cells. Memory CD8+ T lymphocytes adhere to collagen IV to 

penetrate the epidermis and induce inflammation. Chemokines attract natural 

killer T (NKT) or T cells, which are activated by glycolipid-CD1d complexes, 

resulting in the development of harmful inflammation. Cytokines produced by 

keratinocytes influence the growth of stromal cells and blood vessels, 

facilitating the entry of inflammatory cells into the microenvironment. During 

the occurrence of psoriasis, nearby fibroblasts, leukocytes, and keratinocytes, 

engage in communication to enhance and maintain inflammation. Figure 1.4 

illustrates the pathways by which leucocytes activate type 1 inflammatory genes 

that control the last stage of inflammation in the skin and contribute to the onset 

of psoriasis (Volari´c et al., 2019; Gr¨an et al., 2020; Hu et al., 2021; Xie et al., 

2021). 

 

Figure 1.4: Pathogenesis of psoriasis (Reproduced with permission. Krueger et 

al., 2005). 
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1.5. EXISTING THERAPIES 

Despite there is no cure for psoriasis, the symptoms can be treated with a variety 

of treatment methods. The therapy choices available are influenced by the 

severity of a disease. Topical therapy is used to treat mild to moderate cases, 

while combining topical therapy with systemic therapy, biological agents, or 

phototherapy may be beneficial for moderate to severe cases. The treatments 

mentioned are currently accessible in diverse formats (Miyagaki et al., 2015; 

Armstrong et al., 2018; Rapalli et al., 2018). 

 

1.5.1. Topical therapy  

1.5.1.1. Calcineurin inhibitors  

Calcineurin is a cytoplasmic protein that binds to calcium and can stimulate the 

activation of T lymphocytes. Additionally, its ability to activate itself relies on 

cyclophilins and immunophilins. Tacrolimus and pimecrolimus are the 

predominant calcineurin inhibitors in clinical practice. They form complexes 

with immunophilins and cyclophilins, thereby inhibiting the activation of 

calcineurin. This suppresses the production of cytokines and relieves the 

symptoms of psoriasis. There are three commercially available formulations for 

the treatment of psoriasis: a 0.03% tacrolimus ointment, and 1% and 0.1% 

pimecrolimus creams. These formulations can partially decrease psoriasis 

lesions (Wollina et al., 2007; Zhang et al., 2015; Dattola et al., 2018). 

 

1.5.1.2. Corticosteroids  

Corticosteroids suppress and hinder the generation of cytokines and diminish 

inflammatory mediators. They are recommended for mild to moderate instances 

that involve 10% of the entire body surface area. They made clear marks on 

DNA and stopped the recurrence of phospholipase A2. Additionally, it 

enhanced the expression of genes related to anti-inflammatory cytokines. 

Studies have shown that combining corticosteroids with additional topical 

treatments such as vitamin D analogs, salicylic acid, and retinoids has produced 

significant outcomes. For children and newborns, it is recommended to use a 



14 

corticosteroid with low potency. Adults are advised to use mid-potency 

corticosteroids. Highly powerful corticosteroids are utilized to treat skin plaques 

and lesions on the scalp (Menter et al., 2010; Chiricozzi et al., 2017; Torseker 

et al., 2017; Gabros et al., 2021). 

 

1.5.1.3. Vitamin D analogous  

Analogues of Vitamin D3 were initially introduced in the early 1990s. Vitamin 

D deficiency is linked to psoriasis due to its ability to hinder the generation of 

potent cytokine molecules that promote inflammation and impede cytotoxicity. 

They disrupt the process of dendritic cell development and hinder the activation 

of T-cells. These analogs possess non-irritating capabilities towards the skin, 

demonstrate anti-proliferative and anti-inflammatory characteristics, and have 

an affinity for binding to vitamin D receptors. The combination of 

betamethasone dipropionate and calcipotriol exhibits a synergistic effect in 

reducing inflammation. Vitamin D3 analogues are comparatively safe 

alternatives as they do not induce erythema or irritation (Tremezaygues et al., 

2011; Chiricozzi et al., 2017; Al-Dhubaibi et al., 2018; Filoni et al., 2018). 

 

1.5.1.4. Anthralin  

Anthralin is widely recognized as a highly effective topical therapy for stable 

psoriasis vulgaris. Dithranol, also referred to as anthralin, possesses the capacity 

to inhibit the growth of keratinocytes and the activation of T-cells. It has also 

been utilized for the treatment of scalp psoriasis and plaque psoriasis. However, 

the therapeutic effectiveness of this substance is hindered by its limited 

solubility, permeability, and stability (Mendonca et al., 2003; Hollywood et al., 

2015; Torseker et al., 2017; Benezeder et al., 2020). 

 

1.5.1.5. Topical retinoids  

Tazarotene and acitretin are two vitamin A derivatives that have been approved 

by the USFDA for the treatment of psoriasis. Tazarotene is available in cream 
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and gel forms with concentrations of 0.1% and 0.05%, while acitretin is taken 

orally. The retinoid X receptors (RXR α, β, and γ) and retinoic acid receptors 

(RAR α, β, and γ) on keratinocyte cells form bonds with each other. This 

interaction leads to the modification of inflammatory genes and reduces the 

excessive growth of keratinocyte cells. In addition, studies have shown that 

when used in conjunction with topical corticosteroid therapy, they have 

demonstrated significant results (Heath et al., 2018; Erol et al., 2020; Roux et 

al., 2020; Brozyna et al., 2022).  

 

1.5.1.6. Coal tar  

Coal tar was extensively employed for prolonged durations to cure psoriasis, 

particularly on the scalp. However, its usage has diminished in the past few 

decades. However, only approximately 400 out of the estimated 10,000 

constituents of coal tar have been recognized. They consist of polycyclic 

aromatic hydrocarbons, water, and carbon. They can decrease inflammation and 

scaling associated with psoriasis. However, the issue of patient noncompliance 

poses a significant difficulty due to the inherent limitations of present coal tar 

formulations, including their toxicity, tendency to color the skin, and the 

carcinogenic activities of polycyclic aromatic hydrocarbons. Due to these 

problems, the utilization of coal tar for psoriasis treatment has become less 

frequent (Sekhon et al., 2018; Heymann et al., 2019 Avalos-Viveros et al., 

2022). The PLGA nanoparticles loaded with coal tar exhibited reduced toxicity 

in human dermal fibroblasts and demonstrated significant accumulation in the 

stratum corneum with minimal penetration. The results indicate the inclusion of 

coal tar in the competition for psoriasis treatment and propose investigating 

other lipid-based nanocarriers for improved results (Sunoqrot et al., 2022). 

 

1.5.1.7. Salicylic acid  

It is advisable to apply salicylic acid topically along with calcineurin inhibitors 

and corticosteroids. The simultaneous administration of calcineurin inhibitors 

with salicylic acid demonstrates its exceptional penetration into psoriatic skin. 
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When used to treat scalp psoriasis, salicylic acid alone can cause temporary hair 

loss in the telogen phase. However, ceasing its use may resolve this issue. 

Salicylic acid, when used in quantities greater than 10%, can result in oral 

mucosal burn, frontal headache, and nausea. Salicylic acid can improve the 

penetration of substances into the skin when combined with a corticosteroid, 

calcineurin inhibitor, and vitamin D analogue (Nordin et al., 2021). 

 

1.5.2. Systemic therapies  

Psoriasis can be described as moderate to severe if it affects more than 10% of 

the body's total surface area, and mild to moderate if it affects less than 10% of 

the total surface area. For psoriasis that is moderate to severe, treatment 

typically requires the use of systemic medication, which can be taken orally or 

administered by injections. Treating psoriasis can be particularly difficult when 

it manifests in areas such as the ear, pelvic region, scalp, and other locations 

where topical therapies and phototherapy are not helpful. In certain severe 

situations, it is advisable to combine all three therapies for psoriasis 

(phototherapy, systemic, and topical) (Kornhauser et al., 2010; Gisondi et al., 

2017; Yan et al., 2021). 

 

1.5.2.1. Oral therapies 

Anti-psoriatic drugs can distribute throughout the body after they enter the 

systemic circulation. Oral therapy is the preferred method for eliminating 

psoriasis. Acitretin, methotrexate, and cyclosporin A are among the medications 

recommended for oral administration. In certain countries, fumaric acid esters 

are also licensed. Methotrexate hinders the activity of dihydrofolate reductase, 

which in turn prevents the growth of keratinocytes and immune cells. TWEAK, 

also known as TNF-like weak inducer of apoptosis, has been discovered to 

exhibit a strong association with the PASI, which stands for psoriasis area and 

severity index. Further research is necessary to ascertain its manifestation and 

association with psoriasis. Methotrexate reduces the Psoriasis Area and Severity 
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Index (PASI) score and enhances the expression and levels of TWEAK in 

psoriatic patients (El-Esawy et al., 2022). 

 

Increased serum levels of TWEAK have been reported in individuals who 

received conventional dosages of acritetin, cyclosporin, and methotrexate, 

(Engin et al., 2020). Additional scientific information is necessary to ascertain 

the behavior of TWEAK in psoriasis. While cyclosporin effectively hinders T-

cell activation, calcineurin phosphatase activity, and keratinocyte proliferation, 

it also carries inevitable adverse effects, including the potential for liver 

damage, cardiovascular complications, and gastrointestinal problems. These 

side effects pose challenges for the long-term use of the medication (Frusic-

Zlotkin et al., 2012; Kim et al., 2018; Zhao et al., 2020). 

 

1.5.3. Parenteral therapies/ biological therapies  

The American Academy of Dermatology (AAD) and the National Psoriasis 

Foundation define biologics as "recombinant monoclonal antibodies and fusion 

proteins that exhibit their therapeutic effects by inhibiting certain cytokines or 

cytokine receptors that cause psoriatic inflammation." Biologic proteins, as 

compared to other common therapies, exhibit a substantial molecular weight 

and provide notable efficacy in suppressing the immune system. The USFDA 

has granted approval for eleven biologic medicines, including etanercept, 

adalimumab, brodalumab, certolizumab, guselkumab, ixekinumab, infliximab, 

Risankizumab, secukinumab, tidrakizumab, and ustekinumab, which target 

specific cytokines. Despite the specificity of these medicines, their high cost 

and difficulty in penetrating biological membranes due to their huge size pose 

a significant obstacle to the ongoing use of the therapy. In general, traditional 

treatments cannot match the superiority and significant effectiveness of 

biological therapies. This therapy has revolutionized the management of 

psoriasis (Hawkeys et al., 2018; Mala et al., 2019; Menter et al., 2019; Nordin 

et al., 2021). 
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1.5.4. Phototherapy  

Phototherapy is a frequently employed method for treating psoriasis that ranges 

from moderate to severe. Phototherapy, a treatment for psoriasis, has been 

developed and widely used since the 1920s. Psoriasis treatment often involves 

the use of three specific phototherapies: excimer laser or lamp (targeted 

phototherapy), narrowband ultraviolet B (NB-UVB), and psoralen (PSR) plus 

ultraviolet A (PUVA). Therapeutic radiation has been found to occur within the 

wavelength range of 290 to 400 nm, namely in the form of UV radiation. 

Narrowband ultraviolet B (NB-UVB) light is the primary treatment modality 

and is administered at a wavelength of 311 nm for patients with stable plaque 

psoriasis. It triggered programmed cell death in T lymphocytes and 

keratinocytes as a treatment for psoriatic skin. However, immunological 

contraindications frequently occur in individuals with AIDS, photosensitive 

diseases, cancer, and during pregnancy. 

 

Psoriasis can be effectively treated using excimer laser treatment, also known 

as lamp therapy, which operates at a wavelength of 308 nm. The AAD suggests 

utilizing excimer laser therapy for superior therapeutic results compared to 

excimer lamps when used over an extended period (Morita et al., 2018; 

Ardeleanu et al., 2020; Zheng et al., 2021). PSR is a phytoconstituent derived 

from the Psoralea corylifolia (Babchi) plant. It is composed of light-sensitive 

molecules and has medicinal qualities. PUVA therapy, which involves the 

combination of UVA and PSR, is regarded as a second-line treatment strategy 

for psoriasis. The action of PUVA can be elucidated by two theories: (i) PUVA 

generates unstable molecules in the outer layer of the skin, which then cause 

damage to the cell's cytoplasm, nucleus, and cell membrane, so impeding cell 

growth, (ii) an alternative hypothesis proposes that PUVA hinders the process 

of DNA replication by creating connections between molecules and obstructs 

excessive growth of the outer layer of the skin. Additionally, it interferes with 

many proteins and chemical structures that result in a decrease in the growth of 

epidermal cells. UVB phototherapy has been determined to be a safer option for 

pregnant patients when compared to PUVA therapy. Nanoparticle-mediated 
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drug delivery methods provide a feasible approach to address the issues 

associated with PSR, such as toxicity and rapid degradation (Gisondi et al., 

2017; Ren et al., 2020; Bhat et al., 2021). 

 

1.6. CHALLENGES OF EXISTING THERAPIES 

Although there have been improvements in the management of psoriasis, there 

are still notable deficiencies in treatment that have a negative effect on the 

quality of life of patients (Ryan et al., 2014). A notable deficiency in the 

management of psoriasis is the absence of efficacious therapies for individuals 

with moderate to severe psoriasis. Topical therapy is the initial therapeutic 

method commonly employed for managing psoriasis. Individuals with moderate 

psoriasis, which is characterized by psoriasis affecting less than 10% of their 

body surface area, may find this treatment beneficial. These treatments are 

disagreeable and require an excessive amount of time to demonstrate their 

therapeutic results. These traditional compositions have several additional 

constraints, including the tendency to leave behind a sticky or greasy residue 

with an unpleasant smell. Ointments, sprays, Creams, foams, lotions, oils, tapes, 

shampoos, and gels are many kinds of medication used for topical treatment 

(Sala et al., 2016; Aldredge et al., 2018; Kui et al., 2018). 

 

The extended application of corticosteroids and vitamin D analogs is 

constrained by unfavorable consequences, so complicating the management of 

mild to severe forms of the condition. The commercially available tacrolimus 

ointment and pimecrolimus cream face challenges in penetrating the skin 

affected by psoriasis, which restricts their effectiveness as treatments. In 

addition to these, topical therapies can cause various other side effects, 

including folliculitis in coal tar-based treatment, peeling, burning, skin 

irritation, dryness, staining in anthralin delivery, adrenal axis suppression in 

corticosteroid topical delivery, and erythema, skin atrophy (Wollina et al., 2007; 

Menter et al., 2009; Bakshi et al., 2020; Chat et al., 2022; Le et al., 2022). 
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Systemic therapy is essential for addressing the inevitable challenges associated 

with topical treatment. Topical treatment becomes ineffective when the size and 

severity of lesions rise, causing discomfort to the patient. Medications such as 

methotrexate, cyclosporin A, fumaric acid ester, and acitretin are employed for 

systemic therapy. However, the systemic side effects and infrequent 

unfavorable consequences that come with them are not sustainable in the long 

term. Acicutan® (acitretin), Sandimmun®, Immunosporin® (cyclosporine A), 

Metex® (methotrexate), Fumaderm® (fumaric esters), Neotigason®, and 

Lantarel® may cause side effects including dry skin, gingival hyperplasia, 

hyperlipidemia, hair loss, tremor, nephropathy, leukopenia, and lymphopenia. 

These medications also include inherent undesirable effects, such as the 

potential for skin cancer, convulsions, and hepatotoxicity. Acitretin and 

methotrexate are contraindicated during pregnancy because they have the 

potential to cause birth defects. Biologic medications such as secukinumab 

(Cosentyx®), etanercept (Enbrel®), adalimumab (Humira®), ustekinumab 

(Stelara®), and infliximab (Inflectra®, Remicade®, and Remsima®) have the 

potential to induce anaphylaxis, paradoxical psoriasis, pruritus, facial nerve 

paralysis, malignant tumors, and other adverse effects (Rozenblit et al., 2009; 

Dogra et al., 2013; Volc et al., 2016; Bakshi et al., 2020; Jappe et al., 2021). 

For moderate to severe psoriasis, more intensive therapies such phototherapy or 

biologic medicines are necessary (Gelfand et al., 2012). However, these 

treatments do not yield positive results for every patient, and certain individuals 

may encounter notable adverse reactions, such as heightened susceptibility to 

infection or the development of cancer (Gisondi et al., 2017). Although, PSR 

with UVA radiation (PUVA) and UVB are commonly used, they have various 

adverse effects. These therapies can change cellular systems and cause burning 

feeling, pain, and discomfort. Therefore, the urgent need for new therapeutic 

alternatives with less bad effects and improved outcomes, such as techniques 

based on nanotechnology, has emerged (Cestari et al., 2007; Borgia et al., 2018; 

Mascarenhas-Melo et al., 2022; Makuch et al., 2022).  
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One such limitation in the therapy of psoriasis is the lack of individualized 

therapeutic choices. Psoriasis is a highly complex disease, with significant 

variations in severity and treatment response among people. Hence, a uniform 

therapeutic approach may not be optimal for all patients. Personalized treatment 

choices that consider the patient's specific disease characteristics and treatment 

objectives are necessary (Ryan et al., 2014). Moreover, there is a dearth of 

comprehension regarding the fundamental mechanics of psoriasis. Psoriasis is 

classified as an autoimmune disease, although the precise triggers and pathways 

that contribute to its development are not yet comprehensively understood. 

Gaining a more comprehensive comprehension of the fundamental mechanisms 

of psoriasis has the potential to facilitate the creation of more precise and 

efficacious treatments (Meng et al., 2018). To address these deficiencies, 

promising strategies involve employing lipid-based nanocarriers for precise and 

targeted delivery of medications to the desired location on the skin. 

Additionally, improved genetic research can aid in the identification of 

additional genetic markers linked to psoriasis, which might be utilized to create 

an appropriate method of drug administration. Moreover, the utilization of 

artificial intelligence and machine learning can discern patterns in patient data, 

enabling the prediction of treatment results and the identification of novel 

treatment approaches (Huang et al., 2023). Another potentially effective 

strategy is the creation of innovative biological substances that specifically 

target the pathways responsible for the development of psoriasis. For instance, 

clinical trials have demonstrated the potential efficacy of biologics that 

specifically target interleukin-17 (IL-17). These treatments may be a viable 

option for individuals who do not experience positive outcomes with existing 

therapies (Ariza et al., 2013).  

 

1.7. TRANSFEROSOMES AS A NOVEL DRUG DELIVERY SYSTEM 

The term "transferosome" is claimed owned by the German company IDEA 

AG. The Latin term transferre means "to transport across," while the Greek 

word soma means "body." Since Cevc and Blume first described it in the 1990s, 

this technology has been the subject of an abundance of patents and academic 
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articles for the last 30 years (Opatha et al., 2020). Transfersosmes are composed 

of a phospholipid bilayer and edge activator with an aqueous core. These are 

double-bilayer vesicular structures with ultra-deformable and flexible 

properties.  

 

The various phospholipids such as dimyristoyl phosphatidylcholine-DMPC, 

dipalmitoyl phosphatidylcholine-DPPC, dipalmitoyl phosphatidylglycerol-

DPPG, soybean phosphatidylcholine, and egg phosphatidylcholine. The 

phosphatidylcholine is most broadly available in the eukaryotic cell membrane 

and is highly compatible with skin without adverse effects like hypersensitive 

reactions (Thomas et al., 2016; Fernandez-García et al., 2020).  

 

The transferosomes have deformability and flexibility features due to the 

presence of a single-chain edge activator that makes the lipid bilayer destabilize. 

These vesicular structures are elastic and can penetrate the skin without 

rupturing. Therefore, transferosomes possess the capacity to pass through pores 

that surpass their own size. They can be stable in an aqueous solution for up to 

three months without any aggregation in contrast to liposomes and niosomes. 

These transferosomes systems can cross the skin barrier and deliver the drugs 

into the bloodstream (Rai et al., 2017; Fernandez-García et al., 2020; Opatha et 

al., 2020).  The size, shape and property of the particles strongly affects the drug 

delivery and cellular uptake. The conventional liposomes also get affects by 

many factors such as surface charge, lipid bilayers thermodynamic state, lipid 

composition, and liposomal charge. To overcome from these problems, 

deformable liposomes were developed by using edge activator that provides 

deformable property to them. They can easily deliver the molecules in the 

stressful environment via osmotic gradient (Zeb et al., 2019). Free flow 

properties of transferosomes are regulated by two main aspects, one is vesicle 

deformability, and another is trans-epidermal osmotic gradient. The 

transferosome permeation and penetration are governed by the principles of 

hydrotaxis and electromechanics. A transdermal water activity differential is 

created by a natural transdermal gradient, which applies force to the skin 
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through transferosome vesicles. This force is responsible for the intercellular 

junctions widening and transferosomes can pass easily through transcutaneous 

channels (Figure 1.5).  

 

Proper ratio between surfactant and phospholipids serves flexibility to the 

transferosomes while an improper ratio leads to the transferosomes movement 

hindrance from the skin barrier. This flexibility of transferosomes reduces the 

vesicle rupturing and provides deformability properties to them in the skin. The 

resulting highly flexible particles can enter and then effectively transit through 

the pores because the membrane can be deformed at a much lower energy cost. 

The properties such as ultra deformability and softness of transferosomes make 

them unique in contrast to liposomes. The self-regulating and self-optimizing 

properties of transferosomes allow them to pass through any barrier in the body. 

Moreover, permeation enhancers such as propylene alcohol and ethanol can also 

be used for lipid polar head region modification. Therefore, it is vital to conduct 

precisely customized research methodologies for each therapeutic agent to 

create the most viable carriers with drug-carrying capacity, excellent 

deformability, and stability (Myschik et al., 2009; Rai et al., 2017; Opatha et 

al., 2020).  

Figure 1.5. Schematic illustration of transferosomes permeation via skin 

(Reproduced with permission. Opatha et al., 2020). 
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1.8. DRUG PROFILE 

1.8.1. Berberine 

  

Figure 1.6. Structure of berberine HCl. 

  

Berberine (Figure 1.6) is a crystal bright yellow color isoquinoline alkaloid 

mostly found in the medicinal herbs of the Berberis genus. It is hydrophobic 

and has poor bioavailability. It has several pharmacological activities such as 

anti-inflammatory, antioxidant, anti-hyperglycemic, and anti-cancer. Berberine 

also can potentially suppress cytokines such as TNF-α, IL-17, IL-1β, IL-6, and 

IL-8. Moreover, it enhances the CAT, SOD, and GP× activity and can reduce 

the factors such as MDA, protein carbonyl content, and nobles that are 

responsible for the antioxidant activity.  

 

In ancient times, it was used as a raw material in Ayurveda and Traditional 

Chinese medicine systems for wound healing, hemorrhoids, infection, and 

uterine treatment. It has been reported that berberine also has antidote activity 

against snake bites and scorpion stings. It is also effective in eliminating toxins, 

damp heat syndrome, purging fire, and clearing heat in the liver. It can up-

regulate the insulin receptor substrate-2 and down-regulate UCP-2 (uncoupling 

protein-2) which leads to the improvision of insulin resistance that regulates 

lipid metabolism. Berberine is also reported for promoting AMPK 

phosphorylation, apoptosis and autophagy regulation, and elevation of LDR 

mRNA expression.  
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In addition, berberine also has been reported to block the synthesis of 

cholesterol and triglycerides synthesis in HepG2 and primary hepatocyte cell 

lines. It also shows cardio protective effect by modulating AMPK activity, AKT 

phosphorylation, and JAK/STAT pathway. In 2019, berberine has been reported 

for anti-psoriatic activity by inhibiting JAK-STAT3 signaling in keratinocytes 

that inhibit the proliferation of cells (Sun et al., 2019; Suadoni et al., 2021; Khan 

et al., 2022; Shams et al., 2024).  

 

1.8.2. Diacerein 

 

Figure 1.7. Structure of diacerein. 

Diacerein (Figure 1.7) is a slow-acting non-steroidal anti-inflammatory drug 

and has shown excellent efficacy and safety. It is a USFDA and EMA-approved 

drug for rheumatoid arthritis in 2008. However, due to its severe gastrointestinal 

side effects, EMA issued new guidelines in 2014 for its oral administration. It 

is an anthraquinone derivative that developed from aloin, and its deacetylation 

leads to the formation of rhein. It is a hydrophobic drug with a yellow colour 

appearance. It has several properties such as anti-inflammatory, anti-pyretic, 

and analgesic.  

 

Being an NSAIDs, it has a unique mechanism of action, it targets the IL-1β 

related pathways instead of PGE2 (prostaglandin E2) and COX2 

(cyclooxygenase 2) regulations. It has been reported that diacerein can inhibit 

caspase-1 secretion and minimize the maturation of IL-1β. The poor IL-1β 

maturation alleviates the AP-1 and NFκB activity and also reduces the 
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expression of TNF-α and IL-6. Moreover, it has been documented as an 

immunomodulatory agent in rheumatoid arthritis for neutrophil phagocytic 

activity, chemotaxis, superoxide anion production, and macrophage migration.  

 

Diacerein reduced the effects of IL-1α and IL-1β in keratinocytes, suppressing 

the expression of pro-inflammatory genes. It also has the potential to alleviate 

psoriasis skin inflammation and psoriasis-related splenomegaly by reducing 

CD11c+ dendritic cells in the skin. DCN inhibits the binding of transcription 

factors NF-κB and AP-1, affecting the expression of pro-inflammatory genes in 

chondrocytes. In addition, diacerein also exhibited therapeutic effects towards 

epidermolysis bullosa, thyroid function, testicular injury, acute kidney injury, 

and cancer (Kaur et al., 2019; Almezgagi et al., 2022; Baxi et al., 2022; Brunner 

et al., 2023).  
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AIM AND OBJECTIVES 

Aim: Development of nano delivery system for topical therapy of psoriasis 

Objectives 

• To develop and optimize lipid-based topical transferosomal nanocarriers 

of berberine and diacerein. 

• In vitro characterization of drug-loaded transferosomal formulations. 

• Loading of selected transferosomes formulation into hydrogel. 

• In vivo characterization of optimized lipid-based topical transferosomal 

hydrogel. 
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CHAPTER SCHEMES 

Chapter 1 (ongoing chapter) elaborated on psoriasis, its epidemiology, and 

etiology. The current existing therapies and challenges related to their use were 

also discussed. In addition, drug profile, transferosomes information, and 

objective of the study were documented properly. 

Chapter 2 showcases a literature review of vesicular structures like liposomes, 

transferosomes, niosomes, ethosomes, transethosomes, phytosomes, 

cerosomes, and glycerosomes. The other lipid nanoparticles like solid lipid 

nanoparticles, nanostructured lipid carrier, spanlastics, and liquid crystals that 

were developed for psoriasis management.  

Chapter 3 briefly explain methodology that was used for development of 

berberine HCl and diacerein loaded transferosomes. The pre-formulation 

studies were carried out to examine physiochemical properties of drug 

molecules. The transferosomes were formulated and optimized by Box-

Behnken design. The optimized formulation was subjected for FTIR, XRD, 

TGA, TEM, AFM, zeta potential, particle size, deformability, in vitro release 

studies, ex vivo studies, Raman, anti-oxidant activity, cytotoxicity studies. 

Furthermore, the transferosomal hydrogel was developed by loaded with 

optimized transferosomes formulation into 1 % hyaluronic acid and subjected 

to determination of pH, rheological study, spreadability, in vitro release, and 

psoriatic Balb/c mice model.  

Chapter 4 discussed results of pre-formulation studies and formulation studies. 

The FTIR revealed functional groups of drugs and showed compatibility 

between drug-drug interaction. The XRD confirmed crystallinity and TGA 

showed weight loss of drugs and excipients at specific temperature. The 

optimization was done successfully, and quadratic equations were developed 

and provided optimized formulation with significant ANOVA table. The 

particle and PDI was found in acceptable range for topical delivery and 

formulation was stable with desirable zeta potential. The optimized formulation 

showed sustained release profile, skin penetration and its confirmation in pig 

skin was depicted in ex vivo and Raman analysis. Moreover, the developed 

optimized transferosomes loaded hydrogel showed pseudoplastic behaviour. 
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The formulated hydrogel also exhibited anti-psoriatic activity in psoriasis 

induced BALB/c mice model.  

Chapter 5 briefly elaborated conclusion of key findings, results integration, and 

suggested future work requirements for better clinical therapeutic outcomes.  
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LITERATURE 

REVIEW 
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2. LITERATURE REVIEW 

Psoriasis is a multifactorial autoimmune disease characterized by excessive 

proliferation of keratinocytes, inflammatory infiltration, and abnormal 

epidermis growth. These abnormal features of psoriasis bring it into a hall of 

fame in the research world. The demand for effective treatment is attracting the 

interest of both formulation scientists and medical professionals. The improper 

penetration and skin retardation of the conventional topical dosage form hinder 

psoriasis treatment (Jindal et al., 2021). To avoid the unforeseen outcomes and 

significant adverse effects associated with conventional treatment, researchers 

have created numerous nanomedicines (Singh et al., 2023). The nanoparticle 

can address many issues related to conventional dosage forms by offering 

enhanced hydrophobic drug solubility, sustained release, and a desirable drug 

payload at the disease site (Pandey et al., 2020). Despite numerous studies on 

the efficacy of nanomedicines, the precision of targeting these nanocarriers 

remains a limitation (Mishra et al., 2022). 

 

Scientists frequently develop lipid nanocarriers to transport drugs via the skin, 

either topically or through a transdermal approach. Day by day, scientists are 

now investigating novel technologies to deliver the drug effectively through the 

skin barrier without disturbing it and improvising drug absorption via a dermal 

delivery approach. Lipid-based vesicular drug delivery systems have 

established significant therapeutic efficacy in treating a wide range of disorders 

over the last thirty years. These nanoparticles are comprised of aqueous and 

lipid layers. They can efficiently encapsulate hydrophobic and lipophobic drugs 

and easily deliver them to the desired location. Moreover, these structures 

enhance drug bioavailability and improve its half-life, followed by alleviating 

side effects (Pandey et al., 2020). 

 

The stratum corneum is the major obstacle to topical and transdermal delivery 

systems. Chemical penetration enhancers and physical procedures like 

iontophoresis, sonophoresis, microdermabrasion, and electroporation may 
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lessen the therapeutic effects of the dose regimen, reduce skin irritation, and 

help with problems caused by patients not following the instructions. These 

vesicular structures, unlike physical and chemical methods, can penetrate skin 

barriers by addressing the limitations of physical and chemical approaches 

(Figure 2.1) (Kapoor et al., 2019; Chacko et al., 2020; Dhiman et al., 2021). 

 

Figure 2.1 Dermal and transdermal drug delivery using vesicular structures 

(Singh and Awasthi 2023). 

 

2.1 LIPOSOMES 

In 1965, Bingham first presented liposomes, which are small concentric rings 

composed of lipid bilayers consisting of phospholipids and cholesterol. These 

circles have a spherical shape and contain an aqueous center, with a size ranging 

from 50 to 500 nm. These vesicles are both biocompatible and biodegradable, 

making them highly advantageous for drug administration due to their ability to 

carry a large amount of medication, simplicity of modification, reduction of 

toxicity, and suitability for large-scale production. The US Food and Drug 

Administration (USFDA) has granted approval for numerous 

nanotherapeutics utilizing liposomes, which are used in the treatment of various 

diseases. The FDA and the EMA both issued licenses for Doxil®/Caelyx®, 

Abraxane®, Lipodox®, and Lipusu®. Liposomes can be classified based on the 

number of lamellar layers they have, such as unilamellar, multilamellar, and 

multivesicular liposomes. Another factor that differentiates liposomes is their 

surface charge. The liposomes with positive and negative charges have the 
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capacity for gene delivery and reduced cytotoxicity, respectively (Hare et al., 

2017; He et al., 2022; Nsairat et al., 2022; Nel et al., 2023;). 

 

Eukaryotic outer cell membranes are made up of phosphatidylcholine lipids that 

have a negative charge on their head and a positive charge on the choline part. 

Phosphatidylcholine is zwitterionic and overall charge neutral across a broad 

pH range because phosphate has a pKa below 2 and choline is a quaternary 

ammonium cation. The phase transition temperature (Tc) also controls how 

fluid lipid bilayers are. When temperatures are above Tc, the lipid part of the 

membrane has a liquid-crystalline phase and moves around easily. When 

temperatures are below Tc, the lipid part moves around slowly because the lipid 

tails expand, and the membrane looks like gel. Increment in the carbon chain 

and double bond leads to enhancement and alleviation of Tc. The cell membrane 

has a negative charge, whereas lipids such as 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP) have a positive charge, and 

electrostatic interaction develops between them. Cationic liposomes loaded 

with negative charge genetic material can cause cytotoxicity, immunological 

reactions, and signaling pathway changes (Liu et al., 2021).  

 

Haghiralsadat et al., developed liposomes loaded with doxorubicin made up of 

20% DOTAP in combination with 3% DSPE-mPEG (2000). The formulation 

demonstrated six months of stability and 89% encapsulation efficiency, 

followed by a positive charge with a 71 nm diameter. The optimized formulation 

and siRNA were incubated for 30 minutes to develop cationic gene liposomal 

complex formation and examined for cytotoxic studies on MG-63 cell lines. In 

cell line studies, it was found that functionalized siRNA-doxorubicin-loaded 

liposomes displayed high toxicity in contrast to free doxorubicin and 

doxorubicin liposomes and achieved gene co-delivery with cationic lipids 

(Haghiralsadat et al., 2018). 
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In order to achieve skin delivery, researchers investigated liposomes with 

varying surface charges and levels of flexibility. They prepared four different 

liposomes with DOTAP lipid and DOPS lipid (1,2-dioleoyl-sn-glycero-3- 

phospho-L-serine, a negative charge) and DOPC lipid (neutral charge) with 

cholesterol in different ratios, followed by DOPE/CHEMS liposomes 

separately. It was found that DOPE/CHEMS had -52.4 ± 0.5 mV zeta potential, 

a particle size of 50.7 ± 12.0 nm, and a fast transmembrane permeation time as 

compared to other liposomal formulations. The anionic and neutral-charge 

liposomes cause less skin irritation and penetration in comparison to the 

cationic-charge DOTAP liposomes due to skin collapse and charge interaction. 

The RAW 264.7 macrophage cell lines play a significant role in skin problems 

because they regulate inflammatory and allergic reactions. It was found that 

cationic liposomes have more cellular uptake as compared to other surface 

charge liposomes and exhibit more cytotoxicity to RAW 264.7 cell lines as 

compared to anionic and neutral charge-based liposomes (Ibaraki et al., 2019). 

  

The US FDA has authorized PUVA therapy for treating severe cases of 

psoriasis. PUVA therapy combines PSR with UV A radiation. Conventional 

topical PSR has limited therapeutic promise and safety, despite its permeability 

and skin deposition capabilities. Cationic and anionic liposomal gels have been 

developed to address this issue. Using thin film hydration approach, cationic 

liposomes and anionic liposomes (L-α-Egg lecithin (EL), cholesterol, and 1, 1′, 

2, 2′-tetramyristoyl cardiolipin (CL)) were synthesized and then loaded into 

HPMC gel. Phenotypic imaging showed that the PSR-CL-gel and PSR-AL-gel 

treated group showed the most improvement in psoriasis symptoms when 

compared to the PSR-solution treated group. Ex-vivo permeation studies 

showed 9.18 ± 0.07% and 9.28 ± 0.65% permeation by the PSR-CL-Gel and 

PSR-AL-gel, respectively. When compared to the negative control group, the 

levels of IL-17 and IL-22 were 2.07-fold lower and 2.20-fold lower after using 

PSR-CL-gel. The results with PSR-AL-gel were also quite similar with the 

values of IL-17 and IL-22 of 2.08-fold lower and IL-22 2.05-fold lower, 
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respectively. PUVA potency and skin penetration were enhanced by both 

cationic or anionic nanocarriers (Doppalapudi et al., 2017). 

 

Dendritic cells (DCs) establish intricate relationships with keratinocytes and 

other immune cells to trigger the development of psoriasis. Dendritic cells 

secrete cytokines such as IL-12 and IL-23, which are subsequently followed by 

TNF-α, leading to the development of keratinocytes. The study conducted by 

Xi et al., considered target-specific administration of liposomes by specifically 

targeting mannose receptors that are expressed on dendritic cells. Liposomes 

containing Celastrol were created, and their surface was modified using 

mannose for specific distribution. The efficacy of celastrol liposomes and 

celastrol solution was evaluated both in vitro and in vivo using the formulation 

of mannose-modified celastrol liposomes. CEL-MAN-LPs exhibited superior 

cellular absorption rates in JAW II cell lines as compared to celastrol liposomes 

and celastrol solution.  In addition, modified liposomes were administered to 

the animals using microneedles. It was observed that the levels of IL-17 and IL-

23 were decreased compared to the levels detected in celastrol liposomes and 

celastrol solution. Overall, the utilization of mannosylated modified celastrol 

liposomes exhibited remarkable efficacy and safety in treating psoriasis (Xi et 

al., 2022). The omiganan-loaded liposomes were prepared using reverse phase 

evaporation technique and transformed into a liposomal gel using Carbopol 

943P. The liposomal gel exhibited enhanced permeability and superior cellular 

absorption compared to the commercially available formulation. The liposomes 

reduced the levels of inflammatory cytokines IL-4, IL-6, and TNF-α in vivo, as 

compared to the conventional gel (Javia et al., 2022). 

 

Dual drug-loaded liposomes containing curcumin and ibrutinib were developed 

and loaded into a 1% Carbopol gel base and examined for anti-psoriatic activity 

in the imiquimod-induced psoriasis mice model. The optimized dual drug-

loaded liposomal gel reduced PASI scoring, ear, and epidermal skin thickness. 

Histopathology revealed that liposomal gel reduced hyperplasia and acanthosis. 

Liposomal gel also reduced IL-17 and TNF-α (Jain et al., 2022). 
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Methotrexate is a known immunomodulator and anti-proliferative therapeutic 

molecule recommended via systemic route for psoriasis treatment. However, 

patient compliance due to its side effects hinders its long-term treatment use. 

Bahramizadeh et al., prepared methotrexate loaded liposomes and further 

incorporated them into a gel for topical treatment of psoriasis. The optimal gel 

formulation containing 0.05% methotrexate was found to have minimal 

methotrexate penetration through healthy skin and significant penetration 

through IMQ-induced psoriatic skin in BALB/c mice (Bahramizadeh et al., 

2019). Wang et al., examined the combined use of TRA (all-trans retinoic acid) 

and BT (betamethasone) in psoriasis treatment following a multi-target 

approach by addressing the solubility issue and high dose-associated side 

effects. The thin film hydration method was used for the preparation of 

liposomes loaded with TRA and BT. The cytotoxicity and cellular uptake 

studies were performed using HaCaT cell lines. Anti-psoriatic activity of 

liposomes was performed on an IMQ-induced psoriasis mice model. The results 

showed that the liposomal gel reduced levels of TNF-α and IL-6. Cellular 

uptake properties were dependent on the passage of time (Wang et al., 2020). 

 

Several pathways contribute strongly to the psoriasis progression and lead to 

the production of inflammatory cytokines. JAK/STAT pathway also gets 

activated and strongly contributes to keratinocyte differentiation. There is 

evidence that the natural bioactive ginsenoside Rg3 inhibits STAT3 pathway 

activation due to its anti-inflammatory and immunological modulatory 

properties. Hung et al., formulated ginsenoside Rg3 loaded liposomes by film 

hydration method. These liposomes were loaded into microneedles for topical 

delivery. Microneedles were fabricated using polydimethylsiloxane and sodium 

hyaluronate materials by a two-step centrifugation micro-molding technique. 

The pyramidal shape with pointed ends and force-holding potential of 0.59 

N/needle allowed these microneedles to penetrate the epidermis layer. Results 

showed that the points of microneedles dissolved after 10 min and reduced skin 

thickness in an IMQ psoriatic mouse model. The Rg3 microneedles patch 

enhances drug retardation in psoriatic skin by inhibiting the JAK/STAT-3 
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pathway and reducing IL-17, TNF-α, and IL-23 cytokines as per 

immunohistochemical microscopy (Huang et al., 2022). 

 

Walunj et al., formulated calcineurin inhibitors cyclosporine-loaded liposomes 

for the inhibition of T-cells activation to treat psoriasis. The optimized cationic 

liposomes were incorporated into a liposomal gel. The IMQ plaque psoriatic 

model was used to test the optimized liposomal gel. Gel exhibited shear thinning 

properties and reduced IL-17, TNF-α, and IL-22 cytokines storms and reduced 

inflammation (Walunj et al., 2020). Also, a lipid-based vesicular nanocarrier is 

recommended for the topical delivery of tacrolimus in the treatment of psoriasis. 

This approach is being suggested since it is safe and the potential side effects 

are minimal (Jindal et al., 2020). 

 

An improved understanding of molecular mechanisms underlying skin diseases 

can develop targeted systems. In preclinical studies, oligonucleotide liposomal 

topical delivery has shown to alleviate psoriasis inflammation by blocking IL-

17 receptors and reducing IL-17 cytokine storm (Korkmaz et al., 2020). IL-17 

is an important factor in the development of psoriasis and its inhibition can be 

achieved by target-specific therapy and contributes significantly to the success 

of treatments for the disease. The IL-17A receptors were targeted in the mice 

model by formulating liposomal spherical nucleic acids. The prepared 

liposomes reduced IL-17 and other cytokines such as, TNF-α, S100a7, Pi3, 

Defb4, and Krt16. Overall, it was concluded that (Liu et al., 2020). 

 

Bexarotene is an agonist of retinoid X receptor. It has the potential to induce 

apoptosis that would be beneficial for psoriasis treatment. Topical delivery of 

bexarotene does not permeate keratinocytes easily because of poor water 

solubility and high log P value. In this context, Saka et al., formulated 

bexarotene liposomes for their better permeability. The optimized liposomal gel 

formulation applied to the IMQ-induced psoriatic BALB/c mice. The optimized 

formulation alleviated IL-17, 23, 22, and TNF-α cytokines storm followed by a 
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decline in scaling and inflammation (Saka et al., 2020). For transcellular 

distribution by the paper patch technique, researchers created the recombinant 

therapeutic moiety AP-rPTP (Astrotactin 1-derived peptide-recombinant 

protein tyrosine phosphate) to treat psoriasis. This protein controlled the rate of 

proliferation in an IMQ-induced model by inhibiting STAT1, STAT3, and 

STAT6 (Kim et al., 2018). 

 

Yu et al., formulated curcumin-loaded liposomes with peptide modification 

(CRC-TD-Lip) and curcumin-loaded liposomes (CRC-Lip) analysis were 

performed for both in vivo and in vitro studies. HaCaT cell lines used for in 

vitro analysis. Higher cellular uptake and potential proliferation inhibition were 

depicted by CRC-TD-Lip than the CRC-Lip. CRC-TD-Lip alleviated skin 

inflammation and epidermis thickness in comparison to the CRC-Lip. CRC-TD-

Lip reduced TNF-α, IL-17A, and IL-17F levels and achieved anti-psoriatic 

activity due to peptide binding with Na+/K+- ATPase beta subunit (Yu et al., 

2021). 

 

2.2. TRANSFEROSOMES  

Transferosomes are ultra-flexible and ultra-deformable vesicular structures that 

are composed of phosphatidylcholine and edge activators with an aqueous core. 

Eukaryotic cell membranes are rich in phosphatidylcholine and show a high 

level of skin tolerance with a low risk of adverse reactions (Fernandez García 

et al., 2020; Opatha et al., 2020). These vesicles do not break skin structure 

because of the edge activator, which destabilizes phospholipids in the 

transferosomes. Transferosomes can pass via pores that are smaller in size than 

their own (Rai et al., 2017; Fernandez García et al., 2020; Opatha et al., 2020). 

Transferosomes penetrate and permeate due to hydrotaxis and elastromechanics 

principle. The surfactant ratio determines the flexibility of transferosomes, 

which protects the vesicle from rupturing and drug leakage. Moreover, some 

penetration enhancers, such as ethanol and propylene alcohol, have been used 
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in the development of transferosomes (Myschik and Rades 2009; Rai et al., 

2017; Opatha et al., 2020). 

 

Triamcinolone acetonide is the most common corticosteroid for the treatment 

of psoriasis due to its multiple pharmacological activities such as anti-

proliferative, anti-inflammatory, vasoconstrictive and immunosuppressive 

activities. Triamcinolone acetonide-loaded transferosomes were developed and 

loaded into the Carbopol gel base. The triamcinolone acetonide transferosomal 

gel penetrated up to 165 μm depth and 145 AU fluoresce intensity while the 

triamcinolone acetonide liposomes loaded gel exhibited 140 μm depth and 80 

AU fluoresce intensity. Transferosomal gel alleviated erythema and 

inflammation by reducing inflammatory cytokines IL-10, IL-23 and IL-17 

levels (Yadav et al., 2021). 

 

Parkash et al., synthesized tacrolimus-loaded liposomes and transferosomes 

using the thin-film hydration method. Transferosomes reduce ear thickness and 

enhance transdermal flux. Compared to liposomes, transferosomes had a much 

longer residence time (52.58 ± 3.62 h). The penetration of transferosomes in rat 

skin was significantly higher (15.44 ± 1.79 h) compared to liposomes (Parkash 

et al., 2018). Fluocinolone acetonide can alleviate psoriatic skin irritation and 

itching. Fluocinolone acetonide-loaded transferosomes prepared by the thin-

film hydration method showed antiproliferative activity against imiquimod-

stimulated HaCaT cells and high transdermal flow. Transferosomes enhanced 

cellular absorption and decreased levels of TNF-α and IL-6 (Dhavale et al., 

2021). 

 

Resveratrol has been documented for its well-known anti-inflammatory 

properties and can effectively reduce psoriasis inflammation. In this regard, 

investigators developed transresveratrol-loaded transferosomes that alleviated 

lipid peroxidation and ROS species in HaCaT cell lines (Scognamiglio et al., 

2013). RNA interferon-loaded transferosomes formulated by the solvent 
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evaporation method alleviated psoriatic pathological problems effectively 

without any adverse effect (Desmet et al., 2016). 

 

2.3. NIOSOMES  

In 1989, L'Oréal filed invention disclosures (US Patent 8430857) after being the 

first cosmetic firm to produce niosomes in 1987. These double-layer vesicular 

structures are made up of non-ionic surfactants, are stable in nature, and are 

osmotically active in comparison to liposomes. They can also entrap water-

soluble and water-insoluble drugs and deliver them effectively to the target site. 

It has been reported that niosome characteristics can be tunable by changing the 

vesicle composition and that attracting and repulsive van der Waals forces act 

within the vesicles. The hydrophilic part of the niosomoes offers surface 

modification, but leakage and aggregation issues due to hydrolysis directly 

affect their stability. 

 

The lipidic membranes' reverse disruption can help niosomes to penetrate the 

dermal layers of skin. Transdermally, they can create a pathway between 

stratum corneum cells and alter the properties of skin occlusion. Endocytosis 

and drug release into the cytoplasm are outcomes of lysozyme-mediated 

vesicular destruction of niosomes. Three different factors need to be carefully 

considered when choosing a surfactant: CPP (critical packing parameter), HLB 

value, and gel-liquid transition temperature. These factors directly affect vesicle 

type formation and entrapment efficiency. A surfactant's alkyl chain length and 

vesicle size are both affected by its HLB score. Niosome preparation is hindered 

by surfactants with HLB values between 14 and 17, while HLB 8 provides the 

most effective trapping performance (Abdelkader et al., 2014; Awasthi et al., 

2014; Kumar et al., 2015; Singh and Sharma 2016; Chen et al., 2019; Bhardwaj 

et al., 2020; Purohit et al., 2022).  

 

The US FDA has approved acitretin, also known as all-trans-acitretin, for 

treating severe resistance psoriasis through a systemic route. Hepatic toxicity, 
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teratogenicity, and hyperlipidemia are unavoidable side effects of oral 

administration of acitretin, necessitating the development of a novel drug 

delivery system. In this regard, acitretin loaded niosomes were developed by the 

film hydration method and further converted into niosomal gel. The L929 and 

HaCaT cell lines have been investigated for MTT assay. A retinol-loaded 

niosomal gel stopped cell growth in the lab and reduced epidermal thickness in 

a mouse model that had been given imiquimod (Hashim et al., 2018). 

 

Celastrol has been reported for its suppression activity of the NF-kB pathway, 

followed by its anti-inflammatory property and Th17 cell development 

inhibition. Celastrol-loaded niosomes were formulated by using the thin film 

hydration method and converted into niosomal gel by using a Carbopol 974 

gelling agent. It was found that niosomes loaded with hydrogel alleviated 

inflammatory cytokines like IL-22, IL-23, and IL-17 levels in the psoriasis mice 

model. The reduction in cytokine levels directly improved the animals' PASI 

score, erythema, and spleen weight. The study concluded that celastrol-loaded 

niosomes can effectively treat the psoriatic-like symptoms in the imiquimod-

induced mouse model (Meng et al., 2019). Film hydration method was used for 

the preparation of niosomes loaded with pentoxifylline for the psoriasis 

treatment. The prepared niosomes were subjected to an imiquimod-induced 

mice model. Pentoxifylline-loaded niosomes effectively reduced PASI score, 

epidermal thickness, and inflammation. Moreover, the developed niosome 

formulation was found stable at 4 °C for 3 months (Bhardwaj et al., 2022). 

 

2.4. ETHOSOMES  

Touitou coined the term "ethosomes" in 2000. These vesicular structures consist 

of co-centric lipid layers that contain 20–50% ethanol. The ethanol has 

deformable properties for the ethosomes and acts as a permeation enhancer. The 

addition of ethanol directly makes the ethosomes more flexible, which could 

make them very useful for delivering drugs to cells that are resistant to water 

and fat. They can easily penetrate the toughest layer of skin, i.e., the stratum 

corneum. They are biodegradable and biocompatible and pass into the skin via 
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a follicular route. High ethanol concentration gives ethosomes a negative 

charge, which promotes steric stabilization and deeper drug penetration through 

transdermal flux. Ethosomes release the drug slowly into the skin due to the 

bursting of vesicles, and phospholipids stay on the skin surface (Khampieng et 

al., 2018; Mahmood et al., 2018; Kapoor et al., 2019; Jafari et al., 2022). 

 

Ethosomes can easily deliver lipophilic drugs into deeper layers of skin than 

liposomes. The addition of ethanol reduces the lipid layer size of liposomes, 

leading to an unfavorable response. Because of the electrostatic interaction 

between the cell membrane and surface charge vesicles, even cationic 

ethosomes were better at taking in cells and encasing them than regular 

ethosomes. There are several ethosomal marketed products: Nanominox, 

Noicellex, Supravir, Cellutight EF, Decorin, and Skin Genuity (Nagadevi et al., 

2014; Yang et al., 2017; Mancuso et al., 2021; Chauhan et al., 2022).  

 

The combination of methotrexate and salicylic acid results in methotrexate 

unionization, which leads to deeper skin penetration than a formulation 

containing just methotrexate. The ethosomes were prepared and loaded with 

methotrexate and salicylic acid by the cold method and loaded into a gel base. 

Optimized ethosomes demonstrated a particle size of 376.04 ± 3.47 nm and 

91.77 ± 0.02% encapsulation efficiency. In animal studies, the optimized 

ethosome-loaded gel reduced PASI scoring, epidermal thickness, and 

inflammation in comparison to plain drug solution. The above outcomes led to 

the conclusion that topical delivery of methotrexate and salicylic acid serves as 

a prominent and effective treatment therapy for psoriasis (Chandra et al., 2019). 

Because of its binding capability, the CD44 protein expression is highly 

expressive on psoriatic cells and could be a potential target for targeted-based 

delivery systems using hyaluronic acid. In this research framework, curcumin-

loaded ethosomes were prepared and coated with hyaluronic acid. It was found 

that surface-modified ethosomes accumulated in psoriatic mice skin and 

effectively alleviated the inflammatory cytokines TNF-α, IL-17F, and IL-17A 

levels and reduced inflammation (Zhang et al., 2019). 



43 

Psoralen ultraviolet A (PUVA) is a successful therapy for psoriatic skin. 

However, the inadequate penetration via the stratum corneum hindered the 

treatment approach. The comparison between PSR ethosomes and liposomes 

revealed that PSR ethosomes demonstrated superior transdermal flux, skin 

penetration, and skin retention compared to liposomes. However, both 

formulations exhibited safety and toxicity in in vivo level. Zhang et al., 2014 

concluded that ethosomes proved to be more effective delivery nanocarriers 

than liposomes for topical application. GA-TPGS (glycyrrhetinic acid-D-α-

tocopherol acid polyethylene glycol succinate)-decorated curcumin-loaded 

ethosomes reduce IL-6-induced inflammation in HaCaT cell lines 

synergistically. Curcumin and GA-TPGS successfully inhibit HaCaT growth by 

inhibiting 11β-hydroxysteroid dehydrogenase activity. The anti-psoriatic 

activity of decorated ethosomes was evaluated in the imiquimod-induced mice 

model, and it inhibited STAT and NF-κB pathways and decreased IL-17 and 

IL-23 cytokine levels. This smart functionalized delivery method may offer a 

novel psoriasis therapy strategy because of its incredible anti-psoriatic 

effectiveness (Guo et al., 2021). 

  

2.5. TRANSETHOSOMES 

The latest liposome technology has elasticity and deformability properties, 

making them special for topical delivery systems for skin diseases. The 

combination of transferosome and ethosome features led to the development of 

transethosomes. They are comprised of phospholipids, edge activators, and 

permeation enhancers. Their fluid membranes distinguish them from liposomes 

and ethosomes, and they exhibit greater flexibility and deformability compared 

to ethosomes and transferosomes. They also offer high drug entrapment and 

penetration capabilities. Studies have documented that transethosomes 

demonstrate higher drug deposition in skin layers compared to other vesicular 

structures like liposomes, transferosomes, and ethosomes (Abdulbaqi et al., 

2018; Verma et al., 2019; Wadhwa et al., 2019). 
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Rosmarinic acid, a water-insoluble drug, has low permeability and chemical 

instability. It has remarkable anti-inflammatory and antioxidant properties. 

Rosmarinic acid-loaded transethosomes have been formulated using a rotatory 

evaporator and further incorporated into a gel. The prepared transethosomal gel 

was subjected to anti-psoriatic activity in a mouse model. It was discovered that 

the transethosomal gel effectively lowered levels of the cytokines TNF-α and 

IL-6 compared to plain rosmarinic acid gel. This was due to its superior ability 

to penetrate psoriatic skin (Rodriguez Luna et al., 2021). Apremilast is an anti-

inflammatory drug that can inhibit PDE-4. Apremilast-loaded transethosomes 

containing gel effectively permeated rat skin and released drug in a sustained 

pattern in 24 h. The above results suggest that the apremilast transethosomal gel 

could serve as an effective therapeutic approach for treating psoriasis 

(Rahangdale et al., 2021). 

 

The shed snake skin is arranged into three layers, named beta, meso, and alpha 

layers. The snake skin is naturally formed into scales and hinges. The scales are 

stiff, and the hinges are soft. The transethosomes were prepared and subjected 

to ex-vivo permeation studies via shed snake-skin. The transethosome vesicular 

structure allowed 1519.68 ± 363.84 μg/cm2 of drug to pass through, which is 

12.27 times higher than transferosomes, which only allowed 621.25 ± 12.89 

μg/cm2 of drug to pass through, which is 5.01 times higher. Overall, research 

concludes that transethosomes exhibit superior permeability compared to 

transferosomes and shed snake-skin presents a viable alternative to rodent skin 

for permeability studies (Albash et al., 2019).  

  

2.6. PHYTOSOMES  

Many plants, found in both aquatic and terrestrial habitats, contain a variety of 

therapeutic molecules that can be used for various acute and chronic diseases. 

These molecules have been used for decades in a traditional approach. However, 

their oral administration bioavailability directly affects therapeutic outcomes at 

a clinical level. To resolve this issue, phytosomes were invented for the delivery 
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of bioactives that can also address solubility and bioavailability issues. "Phyto" 

refers to plants, while "some" describes a cell-like shape. These are known as 

herbosomes. Because of their lipophobic properties, several compounds have 

been delivered as phytosomes. These compounds include phenolics, flavonoids, 

carotenoids, glycosides, terpenoids, and tannins. They also absorb through the 

skin and exhibit hepatoprotective effects. They are superior to liposomes for the 

delivery of nutraceuticals and herbal remedies due to their increased stability 

and less leakage problems (Deshpande et al., 2014; Lu et al., 2019; Barani et 

al., 2021). 

 

Boswellic acid has therapeutic potential to treat inflammatory issues like 

asthma, osteoarthritis, and arthritis. Topical treatments for psoriasis have been 

the subject of a randomized, placebo-controlled, and double-blind trial. The 

clinical study registered psoriasis patients (36 men and 26 females) and treated 

them for 30 days, twice a day, with vaccinium myrtillus seed oil, boswellic 

phytosomes (Bosexil®), and blank phytosomes. Compared to the vaccinium 

myrtillus seed oil group, the boswellic phytosomes group had a lower PASI 

score and better erythema, which was followed by scaling. Overall, boswellic 

acid-loaded phytosomes can effectively treat psoriasis at the clinical level 

(Togni et al., 2014). 

 

2.7. SOLID LIPID NANOPARTICLES  

In 1991, Muller developed solid lipid nanoparticles in the research domain with 

the goal of increasing the bioavailability and solubility of medications. 

Emulsifiers combine with solid lipids in an aqueous medium to form solid lipid 

nanoparticles (SLNs). The solid lipid nanoparticle shows a particle size range 

of 40–1000 nm. Because of this particle size range, these nanoparticles offer a 

huge surface area that facilitates high drug absorption. They are unique 

nanoparticles because they show a solid phase at body temperature and degrade 

slowly, offering a controlled and sustained drug release profile. They can deliver 

both types of hydrophilic and hydrophobic drugs and protect the drug from 
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protuberance by hindering particle coalescence. Compared to liposomes, they 

are more cost-effective and easier to scale up (Lauterbach et al., 2015; Katopodi 

et al., 2021; Mirchandani et al., 2021; Yaghmur et al., 2021; Sheoran et al., 

2022).  

 

The immunosuppressive effects and suppression of T-cell activity of 

cyclosporin-A have made it a potential candidate for psoriasis treatment. But 

their long-term use may also lead to side effects such as hyperlipidemia, 

nephrotoxicity, granulomatous, hepatitis, paresthesia, etc. Cyclosporin-A has a 

high molecular weight that hinders its topical delivery. SLNs developed by 

loading cyclosporin-A using trehalose and oleic acid showed permeation in 

rabbit ear skin of about 150.89 ± 4.0 μg/cm2. SLNs penetrate the skin via the 

transfollicular channel and treat psoriasis without causing systemic toxicity 

(Trombino et al., 2019). 

 

The FDA has approved acitretin as a highly effective drug for treating psoriasis. 

SLNs loaded with acitretin were formulated by using the solvent injection 

method. The prepared nanoparticles were further loaded into a Carbopol 934 

gel base. Moreover, it was found that acitretin SLNs depicted better drug 

penetration and drug deposition in comparison to acitretin-marketed 

formulation (Mahajan et al., 2022). Halobetasol propionate-loaded SLNs were 

formulated and further loaded into the gel base. Halobetasol propionate SLNs-

loaded gel showed sustained release delivery for 12 h. Moreover, the prepared 

SLNs have better drug accumulation in comparison to the marketed formulation 

on human cadaver skins (Bikkad et al., 2014). 

 

Fluocinolone acetonide-loaded SLNs were developed for topical delivery by 

using the emulsification sonication method. The prepared SLNs showed high 

skin retention and drug accumulation. Overall, this study concluded that these 

lipid-based nanoparticle colloidal systems offer new platforms for treating 

psoriasis (Pradhan et al., 2015). To increase solubility and prevent oral adverse 
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effects, SLNs of tazarotene were produced using a heated homogenization 

process followed by sonication (Sharma et al., 2022). This research formulated 

tretinoin-loaded liposomes, SLNs, NLCs (nanostructured lipidic carriers), and 

niosomes, finding that SLNs and NLCs demonstrated better anti-psoriatic 

activity with better topical delivery (Raza et al., 2013). 

 

Aland et al., prepared tazarotene-loaded SLNs using hot homogenization and 

sonication methods. They then loaded the prepared SLNs into the gel base. The 

SLNs-loaded gel had a higher drug concentration in the skin than the Tazret® 

gel-marketed formulation. However, there was no skin irritation, and the 

redness went down afterward (Aland et al., 2019). The methotrexate and 

etanercept-loaded SLNs were developed by using the hot ultrasonication 

method for psoriasis treatment. The toxicity studies revealed sustained drug 

release patterns and safety in the prepared SLNs (Ferreira et al., 2017).  

 

2.8. CEROSOMES  

The stratum corneum is composed of a multilamellar bilayer arrangement 

consisting of cholesterol, ceramides, and fatty acids. Ceramides are inherent 

sphingolipid constituents that make up around 45-50% of the overall 

composition of the stratum corneum. Ceramides are essential because they 

regulate the skin's immune response, strengthen the epidermis's ability to self-

renew, and maintain the integrity of the epidermal barrier. Reports suggest that 

ceramide can effectively treat psoriasis and lower the PASI score. Moreover, 

ceramide has a beneficial effect on the skin and can be applied topically (Thaci 

et al., 2015; Li et al., 2020; Vovesna et al., 2021). 

 

The US FDA approved methotrexate for psoriasis treatment because of its anti-

inflammatory properties. It hinders psoriasis cell DNA synthesis and depicts 

anti-psoriatic activity. Cerosomes loaded with methotrexate and nicotinamide 

were formulated by the ethanol injection method for psoriasis treatment in an 

imiquimod-induced mouse model. In skin permeation and retention studies, the 
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prepared cerosomes demonstrated remarkable permeation and drug retention. 

Also, the prepared cerosomes lowered the PASI score and the spleen index. 

They also lowered the levels of IL-23, IL-1, IL-17A, IL-6, and IL-22, which are 

inflammatory cytokines (Yang et al., 2021).  

 

Abdelgawad et al., synthesized cerosomes loaded with tazarotene using the film 

hydration method. The prepared cerosomes were examined for skin permeation 

and anti-psoriatic activities. The tazarotene cerosomes were retained in the skin 

at 69.62 ± 2.3% for 72 h, which also reduced the PASI score. This research 

concludes that cerosomes provide new therapeutic platforms for psoriatic 

treatment (Abdelgawad et al., 2017). 

  

2.9. GLYCEROETHOSOMES  

These vesicular structures are made up of glycerol, phospholipids, and ethanol. 

Glycerosol provides vesicular structures with co-solvency and a moisturizing 

environment, whereas ethanol is a penetration enhancer. Despite its anti-

inflammatory and antioxidant characteristics, the low absorption of mangiferin 

hinders its topical application. An alternative delivery system is required for 

naturally occurring therapeutic compounds (Angelova-Fischer et al., 2018). The 

glyceroethosomes were developed loaded with mangiferin and subjected to 

therapeutic evaluation against psoriasis in mouse models. The prepared 

glyceroethosomes possessed good penetration features and entrapment 

efficiency. In 3T3 cell lines, the prepared formulation demonstrated up to 70% 

cell viability. Moreover, they also alleviated odema and myeloperoxidase 

activity. From the above result, it has been concluded that glyceroethosomes 

effectively deliver mangiferin for psoriasis treatment and open new research 

venues for other topical diseases (Pleguezuelos-Villa et al., 2020). 

 

Glycyrrhetinic glyceroethosomes were developed through an ethanol injection 

sonication method for improving skin penetration. The formulation was made 

up of glycerol 50% and ethanol 25% and showed enhancement in skin 



49 

permeation, followed by stability studies. Glyceroethosomes facilitate a 

prolonged absorption of the payload into the dermal layer. Glyceroethosomes 

also promote an increase in transdermal permeability by enhancing lipid fluidity 

in the stratum corneum (Kowalska et al., 2019; Zhang et al., 2022). 

 

In another research framework, Baicalin-loaded modified vesicular structures 

were formulated by the hydration and sonication method. The formulation was 

comprised of ethanol, glycerol, propylene, glycol, water, and phospholipids. In 

the inflammation model, the glyceroethosomes stopped myeloperoxidase 

activity and reduced swelling because they accumulated in the skin (Manconi 

et al., 2019). The mometasone furoate glyceroethohyalurosomes that contained 

hyaluronic acid showed 15% better anti-inflammatory and oxidative stress 

protection in CD-1 female mice than the commercially available cream 

(Elocom®) (Tal'ens-Visconti et al., 2022). 

 

2.10. SPANLASTICS  

Kakkar and Kaur have developed a modified niosomal vesicular system. It is 

composed of ethanol, a nonionic surfactant (Span 60, Span 65, Tween 20, 

Tween 80, Tween 40, Brij 35, Span 80, Brij 97), and an edge activator. They 

can deliver hydrophilic and lipophilic molecules. They are non-immunogenic 

and biodegradable and can pass through any biological barrier because of an 

edge activator. They also provide stability for the drug molecules. Spanlastics 

were formulated by loading ascorbic acid and topically delivered through UVB-

damaged skin treatment. They also showed remarkable permeability and 

stability. Similarly, spanlastics loaded with boswellic acid showed good 

penetration and good topical delivery (Badria et al., 2020; Elhabak et al., 2021; 

Alharbi et al., 2022; Ansari et al., 2022). Researchers have recorded promising 

results when using these vesicles to treat acne with topical retinoic spanlastics 

and arthritis through transdermal administration (Shamma et al., 2019; Sharma 

et al., 2020; Alaaeldin et al., 2021). 
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The quercetin-loaded spanlastic was developed by ethanol injection, and an 

optimized formulation was further loaded into the gel base. A gel containing 

0.02% quercetin was topically applied once daily to 10 patients who were 

suffering from persistent plaque psoriasis. It was found that PASI score was 

reduced from a baseline of 5.19 ± 1.14 to 2.26 ± 1.1. Moreover, quercetin 

spanlastics improved permeability and alleviated caspase-9 and livin 

expression. Overall, the study concluded that the spanlastics offer new treatment 

strategies for mild to moderate psoriasis (Ali et al., 2022). Resveratrol-loaded 

spanlastics developed by ethanol injection alleviated erythema and scaling, 

followed by cytokine storms, in a psoriatic mouse model induced by imiquimod 

(Elgewelly et al., 2022). 

 

The tazarotene fluidized spanlastics have been formulated for the treatment of 

psoriasis via the topical route. The prepared spanlastic showed excellent skin 

retardation and deposition. The clinical assessment was conducted with the 

patient's consent and with the approval of the ethical committee. Plaque 

psoriasis affected eight females and twelve males within the age range of 20 to 

50 years. Patients have received instructions to apply the commercially 

available Acnitaz® gel and the formulated spanlastic to lesion A and lesion B, 

respectively. Lesion A experienced a PASI score reduction from 13 to 8.9, while 

lesion B saw a reduction from 13.2 to 3.6. Similarly, epidermal thickness 

reduction was more evident in lesion B in comparison to lesion A. In conclusion, 

top-notch skin-layer fluidized spanlastic retardants effectively alleviate 

psoriasis and serve as platforms for further drugs (Elmowafy et al., 2019).  

 

2.11. NANOSTRUCTURED-LIPID CARRIERS  

NLCs, referred to as "second-generation lipid-based nanocarriers," were created 

in the late 1990s to address the constraints of traditional treatments. These 

nanocarriers consist of a combination of solid and liquid lipids. Their occlusion 

function forms a single layer of lipid film that inhibits the loss of water through 

the skin and enhances skin hydration. They have a high affinity for 
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encapsulating hydrophobic pharmaceuticals; however, they face challenges 

while encapsulating hydrophilic drugs. They can minimize the drug melting 

point and keep NLCs stable and solid. They are safe, biocompatible, 

biodegradable, and non-toxic (Dudhipala et al., 2018; Khosa et al., 2018; Khan 

et al., 2019; Agrawal et al., 2020; Van et al., 2022; Patil et al., 2023). 

 

Dithranol inhibits keratinocyte proliferation and has anti-psoriatic activity, but 

it also causes irritation and a burning sensation in the skin. In this context, 

dithranol-loaded NLCs were developed by the hot melt homogenization method 

and optimized formulation loaded into methylcellulose gel base. The prepared 

gel formulation was subjected to anti-psoriatic activity examination in the 

plaque-psoriatic mouse model. NLC gels significantly reduced erythema and 

PSAI scores. It also reduced inflammation and alleviated cytokines like IL-17, 

IL-22, IL-23, and TNF-α. Overall, dithranol NLC gel was found to be a suitable 

topical delivery system for psoriasis (Sathe et al., 2019). In ex vivo studies, 

mometasone furoate NLCs loaded with hydrogel demonstrated prolonged drug 

release patterns and high drug deposition. Furthermore, the formulated NLC 

hydrogel proved to be non-irritating to the skin and enhanced the skin condition 

of psoriatic mice. The formulated nano-delivery system was found effective in 

topical therapy for psoriasis treatment (Kaur et al., 2018). 

 

Pentoxifylline is a therapeutic molecule that is lyophobic and has anti-psoriatic 

activity. However, it is hard to get to psoriatic skin because it permeates so 

easily. Pentoxifylline NLCs were formulated by the thin-film microwave-

assisted method and examined in an IMQ-induced psoriatic model for their anti-

psoriatic potential. In ex vivo permeation, prepared NLCs depicted 13.97% drug 

release and skin retention of 84.63 ± 3.95 % with a 4.84 ± 0.45 μg/cm2/ h 

permeation flux. Histopathological studies showed that the drug-loaded NLCs-

treated group had low epidermis and stratum corneum thickness. Overall, 

pentoxifylline NLCs showed a sustained release pattern of seven hours and 

reduced inflammation in psoriatic skin (Ghate et al., 2019). 
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Methotrexate (MTX)-loaded NLCs loaded into carbomer gel showed 28.8% 

drug deposition and prolonged drug release. The methotrexate NLCs gel 

reduced erythema and could be an effective topical therapy for psoriasis 

treatment (Tripathi et al., 2018). In another study, MTX NLCs gel was found to 

be higher in drug deposition in contrast to MTX-plain gel in the cadaver of 

human skin. The MTX NLC-loaded gel alleviated cytokines Il-1β, IL-6, and 

TNF-α storm and reduced inflammation, followed by PSAI score and ROS level 

(Agrawal et al., 2020). 

 

Fluocinolone acetonide (FA) NLCs were prepared by a microemulsion method 

and loaded into a gel with plain salicylic acid psoriasis treatment (FSG). 

Simultaneously, the conventional gel was also prepared and loaded with FA and 

salicylic acid for comparison analysis (PFSG). The nanoformulation FSG 

demonstrated a prolonged release lasting up to 24 h, and an r2 value of 0.9679 

indicated that Higuchi's diffusion model provided the best fit. In studies of 

pharmacokinetics in the skin, FSG-release FA retardation was much higher than 

PFSG-release FA retardation. The confocal microscopy results showed that the 

FSG formulation reached deep layers of skin, while the PFSG formulation did 

not even reach the stratum corneum skin layer. The FSG formulation lowered 

the levels of the cytokines IL-22, IL-17, and TNF-α in living things. As a result, 

the prepared delivery system was more effective at treating psoriasis than the 

conventional dose (Pradhan et al., 2021). 

 

Raza et al., developed fluocinolone acetonide (FLU) and acitretin (ACT) loaded 

NLCs to address the treatment of psoriasis while reducing their adverse effects, 

including skin irritation, burning, teratogenicity, and xeropthalmia. ACT-FLU 

NLCs were developed and optimized by a modified microemulsion and the 

Box-Behnken model, respectively. In both in vitro and ex vivo studies, the 

optimized ACT-FLU NLC formulation loaded into the gel base, demonstrating 

drug permeation and a sustained release pattern, which contrasted with the 

ACT-FLU suspension and conventional gel. Therefore, this co-delivery could 

be explored in in vivo level to determine clinical therapeutic efficacy (Raza et 
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al., 2022). In an IMQ-induced psoriatic mouse model, Viegas et al., co-

delivered tacrolimus and siRNA loaded in NLCs and showed a reduction of 

TNF-α cytokines levels by about 7-fold. Hence, this co-delivery strategy treated 

psoriasis with a synergistic effect and offered the possibility for other nano-

carrier systems (Viegas et al., 2020). 

 

Calcipotriol-loaded NLC containing nanogel has been reported to treat psoriatic 

skin via topical delivery. The calcipotriol NLC-loaded nanogels demonstrated 

a high drug retention rate and did not cause irritation or drug penetration into 

the skin. Moreover, animal studies observed orthokeratosis enhancement and 

drug activity. Overall, this study demonstrated that psoriasis treatment based on 

the newly developed formulation has a high chance of success (Pradhan et al., 

2021). A combination of curcumin and ibrutinib-loaded NLCs gel was 

examined to determine its anti-psoriatic synergistic potential in comparison to 

plain drug gel. It was found that NLCs-loaded gel alleviated such IL-23, IL-6, 

IL-22, and, TNF-α cytokines levels and psoriatic scores with great potential in 

BALB/c psoriatic mice. Therefore, the repurposing attempt for psoriasis 

treatment was found beneficial with no inflammation (Jain et al., 2022). 

 

2.12. LIPID-BASED LIQUID CRYSTALS  

Liquid crystals are mesophases that represent an intermediate state between the 

solid and liquid phases. The investigation of liquid crystals commenced in 1888 

by Friedrich Reinitzer, who identified two distinct liquid phases in cholesteryl 

benzoate. Vsevolod Fredericksz, a Russian physicist, subsequently made the 

significant discovery that an electric field can synchronize liquid crystals. The 

drug delivery field explores these nanoparticles for their solid and liquid 

orientations. They have several properties like solids, such as electrical, optical, 

mechanical, fluidity, and, magnetic. 

 

Liquid crystals are highly adaptable systems characterized by their diverse 

polarities, different characteristics, and stability. There are two types of liquid 
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crystals, i.e., lyotropic and thermotropic. The addition of a solvent induces the 

lyotropic effect, while temperature changes trigger the thermotropic effect. 

Drug delivery systems commonly use lyotropic liquid crystals, which exhibit 

liquid crystallinity as a function of solute concentration. Lyotropic liquid 

crystals offer protection for the drugs from oxidation and hydrolysis. They can 

penetrate the stratum corneum and hydrate the skin by enhancing water 

retardation (Bisoyi et al., 2021; Kawai et al., 2021; Chavda et al., 2022; Prado 

et al., 2022; Blanco-Fernandez et al., 2023). 

 

Apremilast is a USFDA-approved molecule that can inhibit the PDE-4 enzyme 

and alleviate inflammatory cytokine levels. However, due to its unavoidable 

oral administration side effects, apremilast topical delivery is a good choice for 

psoriasis treatment. In this research framework, apremilast-loaded lyotropic 

liquid crystals were formulated by the hot emulsification method in addition to 

a high-shear homogenizer. The Box-Behnken design was used for formulation 

optimization, and optimized formulations were subjected to various 

examinations. The formulation, which was made up of 100 mg of lipid and 

0.75% surfactant, had a prolonged release profile that lasted 18 h. Free 

apremilast released within 6 hours. The cytotoxicity studies were performed on 

HaCaT cell lines and found no toxicity in cell viability studies. An in vitro 

psoriatic model was used to test the expression of TNF-α. The LCNPs had cycle 

threshold values that were 3.73 times higher than the positive control. The Swiss 

albino mouse model revealed that the formulated liquid crystals exhibited 

superior permeability coefficient, retention time, and transdermal flux 

compared to plain gel. Researchers concluded that lyotropic liquid crystal-

loaded gels provide a new avenue for lipophilic molecules to treat psoriasis 

through topical delivery systems (Rapalli et al., 2023). 

 

Methotrexate-loaded isopropyl myristate-based liquid crystals containing 

hydrogel formulations demonstrated superior elasticity and bio-adhesion on pig 

skin compared to lamellar and hexagonal liquid crystals. Compared to the liquid 

crystal formulation, the alkylated carbomer hydrogel reduced epidermal 
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thickness and cytokines TNF-α and IFN-γ levels (Bernardes et al., 2021). Small 

interfering RNA (siRNA) has limitations because it hinders administration and 

body distribution. siRNA-loaded liquid crystal nanodispersions were developed 

and subjected to various evaluation parameters, such as cellular uptake, cell 

viability, skin irritation, and the in vitro psoriasis skin model. The 

nanodispersions were safe, with a cellular viability of 92.1 ± 4.7% and no skin 

irritation. They were able to take up 89.13 ± 1.40% of the cells that were tested. 

Furthermore, the reconstructed human skin model showed a 3.3-fold alleviation 

of the IL-6 level compared to the control group. Hence, gene therapy opens new 

platforms for topical delivery for psoriasis treatment (Depieri et al., 2016). 

 

Tacrolimus-loaded monoolein-based liquid crystals have been developed to 

improve their bioavailability and examined for their anti-psoriatic activity in an 

imiquimod-induced mouse model. The prepared liquid crystals showed 65% 

skin retardation, while the drug solution with propylene glycol showed 25%. 

Moreover, the prepared liquid crystals showed a reduction in PASI score, 

erythema thickness, and inflammatory cells. It is proposed that liquid crystals 

could serve as a nanocarrier for an alternative therapeutic approach for psoriasis 

(Thapa et al., 2014).  
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3. MATERIALS & METHODS 

3.1. PRE-FORMULATION STUDIES 

The pre-formulation studies primarily examine the physical and chemical 

properties of materials, which can impact drug activity and the production of an 

effective dosage form. These studies offer a conceptual understanding of the 

physical and chemical properties of materials, providing an empirical basis for 

formulation development. During this phase, drug and excipient identification 

tests were carried out to offer valuable assistance in formulating dosage forms. 

 

3.2. PHYSICAL CHARACTERIZATION OF DRUGS 

The physical characteristics like color, appearance, and odor of diacerein and 

berberine HCl were observed and analyzed with the review literature (Fan et 

al., 2019; Bansal et al., 2022) 

 

3.3. DETERMINATION OF MELTING POINT 

The melting points of diacerein and berberine HCl were determined by capillary 

fusion method. The required amount of drug was placed into the one-sided 

capillary and then placed into a melting point apparatus (Remi, Mumbai, India). 

The temperature was observed at which the solid drug converted into liquid. 

The recorded temperature was compared with the literature value (Javed et al., 

2021). 

 

3.4. PREPARATION OF CALIBRATION CURVES 

3.4.1. Berberine HCl  

3.4.1.1. Determination of HCl  max (absorption maxima) for berberine HCl 

Berberine HCl (100 mg) was weighed and placed into a 100 mL volumetric 

flask and dissolved into phosphate buffer (7.4 pH). The flask containing 

berberine HCl in phosphate buffer was subjected to sonication for 15 min and 

the volume of buffer solution was adjusted to the mark. Ten millilitres of the 
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stock solution was collected using a pipette and placed into another 100 mL 

volumetric flask and the volume was made up to the mark for obtaining 100 

µg/mL stock solution. In the next step, 5 µg/mL concentration of solution was 

obtained by diluting the stock solution and subjected to a scanning process 

within the range of 200 – 800 nm in UV spectrophotometer spectrum mode.  

 

3.4.1.2. Preparation of calibration curve of berberine HCl  

Calibration curve helps in the quantification of drug during the formulation 

development stages. The calibration curve was prepared in phosphate buffer 

(pH 7.4) as per USP. Berberine HCl (100 mg) was weighed and placed into a 

100 mL volumetric flask and dissolved into the minimum amount of phosphate 

buffer (pH 7.4). Berberine HCl was dissolved properly in phosphate buffer and 

the volume was made up to the mark for the preparation of standard stock 

solution. Different volumes (2, 4, 6, 8, 10, 12, 14, and 16 µg/mL) of stock 

solution were pipetted and transferred into 10 mL volumetric flasks and filled 

with phosphate buffer (pH 7.4) up to the mark. The prepared dilutions were 

subjected to the determination of absorbance values using a UV 

spectrophotometer and graph was plotted using PCP Disso-software (Gupta et 

al., 2009). 

 

3.4.2. Diacerein 

3.4.2.1. Determination of max (absorption maxima) for diacerein   

Diacerein (100 mg) was weighed and placed into a 100 mL volumetric flask and 

dissolved in DMSO and then into phosphate buffer (7.4 pH) at 3:7 ratio. The 

flask containing diacerein solution was subjected to sonication for 15 min and 

the volume of buffer solution was adjusted to the mark. Ten millilitres of the 

stock solution was collected using a pipette and placed into another 100 mL 

volumetric flask and the volume was made up to the mark for obtaining 100 

µg/mL stock solution. In the next step, 5 µg/mL concentration of solution was 
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obtained by diluting the stock solution and subjected to a scanning process 

within the range of 200 – 800 nm in UV spectrophotometer spectrum mode. 

 

3.4.2.2. Preparation of calibration curve of diacerein  

The calibration curve was prepared in a 10 mL mixture of DMSO and phosphate 

buffer (pH 7.4) at 3:7 ratio. Diacerein (100 mg) was weighed and placed into a 

100 mL volumetric flask and dissolved into the minimum amount of phosphate 

buffer (pH 7.4). Diacerein was dissolved properly in phosphate buffer and the 

volume was made up to the mark for the preparation of standard stock solution. 

Different volumes (1, 2, 3, 4, 5, 6, 7, and 8 µg/mL) of stock solution were 

pipetted and transferred into 10 mL volumetric flasks and filled with phosphate 

buffer (pH 7.4) up to the mark. The prepared dilutions were subjected to the 

determination of absorbance values using a UV spectrophotometer and the 

graph was plotted using PCP Disso-software (Patel et al., 2014).  

 

3.5. PREPARATION OF DIACEREIN-BERBERINE HCL LOADED 

DUAL DELIVERY TRANSFEROSOMOES 

The diacerein and berberine HCl loaded transferosomes were prepared by thin 

film hydration approach using a rotatory evaporator (DLAB-RE Pro 100, 

Thermo Life Sciences, Mumbai, India). Sodium deoxycholate (edge activator), 

phosphatidylcholine (phospholipid), and diacerein were properly mixed in 

organic solvent (chloroform and methanol at 2:1 ratio) in a round bottom flask 

for film formation at 47°C and 100 rpm for 30 min. The film-formed flask was 

placed for 24 h in a desiccator. Berberine HCl was dissolved in phosphate 

buffer, pH of 7.4. This solution was then hydrated for 1 h to form a film at 37 

°C (Table 3.1). Transferosomes loaded with bioactives were obtained by 

subjecting the hydrating solution to sonication using a probe sonicator for 1, 3, 

and 5 minutes with a 20-second pulse on/off. This process resulted in the 

formation of diacerein-berberine HCl-loaded transferosomes (Figure 3.1) 

(Balata et al., 2020). The formulated transferosomes were stored at -20 °C in a 

deep freezer (ULT-185, REMI, India). The formulated transferosomes 
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underwent lyophilization for 24 h under vacuum (Alpha 2-4 LSCplus, Christ, 

Germany) at -45 °C (Singh et al., 2021). 

Figure 3.1. Illustration of preparation method of diacerein-berberine HCl 

loaded dual delivery transferosomes 

 

3.6. OPTIMIZATION STUDIES  

The optimization of transferosomes was performed by using the Box-Behnken 

design in the DOE software. There were three different independent variables, 

and three dependent variables were pondered. Independent variables were the 

phosphatidylcholine amount (A), sodium deoxycholate (B), and sonication 

cycles (C) and the dependent variables were particle size, and percentage 

entrapment efficiency. We optimized the effect of independent variables on 

dependent variables using a 3-level factorial design. Statistical tests, including 

regression coefficient (R2), goodness-of-fit, and analysis of variance (ANOVA) 

tests were used to ascertain the relevance of the developed model. 

 

3.6.1. Mathematical model 

Design Expert v23.0.0 64-bit software (Stat-Ease, Inc. Minneapolis, MN) was 

used to precisely investigate the effects of independent variables on dependent 

variables. This software facilitated the creation of a nonlinear quadratic 

polynomial model. Points placed on the multidimensional cube's midpoint and 

replicated center points were taken into account during the experimental design. 
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To optimize the transferosomes formulations using the quadratic model (Eq. 

3.1), when evaluating the main impacts of the formulation factors, the 

significance of the center point region of the three-dimensional cube was 

determined. 

  

Yi = β0 + β1A + β2B + β3C + β4AB + β5AC + β6BC + β7A
2 + β8B

2 + β9C
2  (3.1) 

 

Where Yi = dependent variables related to each factor, A = concentration of the 

phosphatidylcholine, B = concentration of the sodium deoxycholate, and C = 

sonication cycles period. The above-mentioned independent variables consider 

low (-1), median (0), and high (+1) values. The phosphatidylcholine was 

weighed into three levels as low level was 75 mg, the median was 85 mg, and 

the high level was 95 mg while sodium deoxycholate was 5, 15, and 25 mg as 

low, median, and high levels respectively. In addition, the last independent 

variable was the sonication cycles that were considered 1, 3, and 5 min from 

low to high values (Table 3.1). 

 

Table 3.1. Box-Behnken design for optimization 

Formulation 

code 

Independent variables* 

A: Phosphatidylcholine 

(mg) 

B: Sodium 

deoxycholate 

(mg) 

C: Sonication 

cycles (min) 

BDT-1 1 (95) -1 (5) 0 

BDT-2 0 (85) -1 (5) -1 (1) 

BDT-3 0 (85) 1 (25) 1 (5) 

BDT-4 0 (85) -1 (5) 1 (5) 

BDT-5 -1 (75) 1 (25) 0 (3) 

BDT-6 1 (95) 1 (25) 0 (3) 

BDT-7 1 (95) 0 (15) -1 (1) 

BDT-8 -1 (75) 0 (15) -1 (1) 

BDT-9 0 (85) 1 (25) -1 (1) 

BDT-10 0 (85) 0 (15) 0 (3) 

BDT-11 -1 (75) 0 (15) 1 (5) 
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The impact of the independent variables was assessed on the dependent factors 

Y1 = particle size (minimum), Y2 = berberine HCl entrapment efficiency 

(maximum), and Y3 = diacerein entrapment efficiency (maximum). The 

statistical design was confirmed by the significant responses shown by the 

polynomial equations. Model optimization and validation were assessed by 

calculating the ANOVA, with an F-Value, and ensuring that the P-value was 

less than 0.05 (Prakash et al., 2018). 

 

The interaction and relationship between the response and variables were shown 

by counterplots and 3D response surfaces. The optimized additional 

checkpoints of the formulation were used to determine the difference between 

the predicted value and the actual value. The formulations were created and 

evaluated according to the number of obtained from Box-Behnken design. 

 

3.7. CHARACTERIZATION OF TRANSFEROSOMES 

3.7.1. Fourier transform infrared analysis 

The purity and structure of diacerein, berberine HCl, sodium deoxycholate, 

phosphatidylcholine, and optimized formulation was determined by Fourier 

Transform Infrared (FTIR) spectroscopy using KBr disk method (Frontier FT-

IR/FIR, PerkinElmer, USA). The drug-drug interaction studies were also 

performed and recorded. Sample mixed KBr pellets were prepared in 1:10 ratio 

and pressed at 10 tons for 2 minutes. The prepared pellets were placed in the 

sample holder and analyzed between 4000 to 400 cm-1 (Arora et al., 2019). 

 

3.7.2. X-ray diffraction analysis 

The X-ray diffractometer (D8-Advance-Eco, Bruker, USA) was used to 

determine the lattice structure of diacerein, berberine HCl, sodium 

deoxycholate, phosphatidylcholine, and optimized formulation. The specified 

BDT-12 1 (95) 0 (15) 1 (5) 

BDT-13 -1 (75) -1 (5) 0 (3) 

*Values in bracket indicate the real values. 
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quantity of the sample was positioned on the sample stage and subjected to 

scanning in the 2-theta range of 0-90°, with a step size of 0.02°. This scanning 

was carried out using Cu Kα radiation, with a wavelength of 15.4 nm, a voltage 

of 40 kV, and a current of 200 mA (Dahiya et al., 2023).  

 

3.7.3. Thermogravimetric analysis 

The thermal degradation of diacerein, berberine HCl, sodium deoxycholate, 

phosphatidylcholine, and optimized transferosomes was examined by thermal 

gravimetric analysis (TGA-50, Shimadzu, Japan). The 5 mg of sample was 

placed on the crucible under insert conditions between 30 to 900 °C under insert 

conditions (Mishra et al., 2022).  

 

3.7.4. Determination of polydispersity index, zeta potential, and vesicle size 

The average vesicle size and polydispersity index (PDI) of prepared formulation 

were examined via dynamic light scattering technique at room temperature 

through Malvern particle analyzer EN1690, Malvern Instruments, United 

Kingdom. The sample was diluted with phosphate buffer (pH 7.4) in 1:10 and 

triplicate readings were taken at a dissipating angle 90°. The optimized 

formulation was examined to determine zeta potential in triplicates using a 

Zetasizer (Litesizer 500, AntonPaar, Austria) (Singh et al., 2021). 

 

3.7.5. Determination of drug loading and encapsulation efficiency  

The determination of drug loading and entrapment efficiency was performed by 

UV spectroscopy. The formulation (5 mL) was dispersed in 5 mL of phosphate 

buffer (pH 7.4) solution and dispersed properly and subjected to centrifugation 

at 10000 rpm for 30 minutes at 4°C in REMI C-24 PLUS, Mumbai, India. The 

supernatant was collected and free drugs (diacerein at 258 nm and berberine 

HCl at 340 nm) were analyzed by UV-VIS spectrophotometer UV-1900 

Shimadzu, Japan. In the next step, the drug loading and entrapment efficiency 

were determined using equation 3.2 and 3.3, respectively (Mishra et al., 2022). 
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              Drug Loading, % =
Amount of drug taken– free drug

Amount of drug loaded transferosomes 
 X 100       (3.2) 

 

       Entrapment Efficiency, % =
Amount of drug taken – free drug

Amount of drug taken
 X 100       (3.3) 

 

3.7.6. Determination of deformability 

The degree of deformability of the transferosomes formulation was examined 

by using extrusion methodology. The formulations vesicle size was determined 

through DLS before and after passing through an extruder that has pore size 100 

nm polycarbonate membrane filter. Transferosome deformability was 

determined and reported by using equation 3.4 (Varia et al., 2023).  

                                          Deformability = 𝐽 (
rv

𝑟𝑝
)

2

                                 (3.4) 

 

3.7.7. Morphological characterization 

The morphological analysis of the optimized formulation was done using HR-

TEM (high-resolution transmission electron microscopy) at 80 kV (JEM 2100 

Plus, JOEL, Japan). The formulation was diluted with solvent and a single drop 

of it was placed on the carbon-coated copper grid. The sample containing grid 

was dried properly and unwanted liquid was cleaned through tissue paper. The 

stained sample was dried properly and subjected to morphological analysis 

(Dahiya et al., 2023). 

 

Surface roughness was analyzed by atomic force microscopy (AFM) 

(NANOSURF NG, Liestal, Switzerland). A single drop of the diluted sample 

was dispersed on a thin glass slide by spin-coater. The film was formed and 

subjected to image capturing at 256×256-pixel resolution using a 300 kHz 

cantilever frequency, and 48 N/m of nominal force constant at 25 °C. 
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3.7.8. In vitro drug release 

USP dissolution apparatus (type II) (model, Mumbai, India) was used to carry 

out dissolution studies. Dialysis membrane was placed in a sodium bicarbonate 

solution for 15 minutes to activate it. The activated membrane was washed with 

double distilled water. The activated membrane was filled with transferosomes 

equivalent to 5 mg of diacerein and 5 mg of berberine HCl. Transferosome 

containing membrane was placed in the dissolution medium, PBS (pH 7.4) at 

37 ± 0.5 °C. The paddle was rotated at 100 rpm. At 0, 1, 2, 3, 4, 5, 6, 8, 10, 12, 

16, and 24 hours intervals, 5 mL samples were withdrawn. Sink conditions were 

maintained by adding a similar volume of fresh buffer maintained at the same 

temperature. The samples were filtered and subjected to analysis using a UV 

spectrophotometer (UV-1900, Shimadzu, Japan). Berberine HCl was analysed 

at 340 nm, while diacerein was analyzed at 258 nm (Dhavale et al., 2021).  

 

The release kinetics of diacerein and berberine HCl from dual delivery 

transferosomes was assessed as first-order and zero-order. The drug release 

kinetics was accessed following Higuchi's model. To determine the drug 

diffusion mechanism, whether it is non-Fickian or Fickian, dissolution data was 

examined using Korsmeyer-Peppas’ model. This model plots the logarithm of 

the percent drug release (cumulative) against the logarithm of time. The Hixson-

Crowell model was utilized to analyze the drug release data obtained from in 

vitro experiments. The analysis involved plotting the cube root of the residual 

drug amount in the matrix against time. Regression coefficient values were 

calculated to predict the release mechanism (Balata et al., 2020). The PCP Disso 

V3 program (developed by PCP, BVDU, Pune, India) was utilized to perform 

kinetic modeling. 

 

3.7.9. Antioxidant assay of transferosomes 

2,2-diphenyl-1-picrylhydrazyl (DPPH) assay technique was used for the 

determination of the antioxidant activity of optimized transferosomes. DPPH 

agent can develop free radical formation and depicts its absorption band at 517 
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nm. The standard sample (ascorbic acid) (0.004% w/v) and optimized 

formulation were mixed with DPPH solution at 3.9, 7.8, 15.6, 31.25, 62.5, 125, 

250, and 500 µg/mL concentrations. The solution was subjected to incubation 

for a duration of 15 minutes in a dark setting at a temperature of 25 °C. The 

solution underwent a color transformation from purple to yellow during the 

incubation period. A UV spectrophotometer (UV-1900, Shimadzu, Japan) was 

used to record the absorbance at 517 nm. Antioxidant activity was calculated 

using equation 3.5. The optimized transferosome's half maximal inhibitory 

concentration (IC50) was determined and compared with ascorbic acid (Abd-

Allah et al., 2023).  

                    Antioxidant activity, % =
Absorbance of DPPH

Absorbance of DPPH
 X 100          (3.5) 

 

3.7.10. Ex vivo permeation studies 

The hairless pig ear skin was collected from a slaughterhouse (Premnagar, 

Dehradun, India) for ex vivo permeation studies. The collected pig ear skin was 

washed with phosphate buffer (7.4 pH) and stored in a freezer at -8 °C. The ex-

vivo permeation studies were performed using the Franz diffusion apparatus. 

The optimized formulation was applied uniformly to the pig ear skin. The 

formulation applied to the pig ear skin was placed between the receiver and 

donor compartments. The epidermis was oriented towards the donor 

compartment, while the dermis was oriented towards the receiver compartment 

filled with PBS (pH 7.4). At different intervals of 0, 1, 2, 3, 4, 5, and 6 hours, 

the 2 mL samples were withdrawn in triplicates and after each sampling, the 

sink conditions were balanced by adding 2 mL of fresh solvent into the receiver 

compartment. The collected sample solution was subjected to absorbance 

analysis (258 nm for diacerein and 340 nm for berberine HCl) by using a UV 

spectrophotometer (UV-1900, Shimadzu, Japan). The cumulative drug 

permeation was determined by evaluating the skin surface area over time to 

estimate the permeability coefficient and flux Jss (µg cm-2 h-1) (Arora et al., 

2019). 
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3.7.11. Raman analysis 

The blank pig skin, optimized formulation, and pig skin directly collected from 

in vitro permeation studies were subjected to Raman analysis. This analysis 

examines the permeation level of the optimized formulation applied to pig ear 

skin by using a "direct-coupled universal modular Raman spectrometer with 

imaging" (RIMS-U-DC, Rinztech Nz Ltd., New Zealand). Samples were 

examined under a magnification of 20 x at a wavelength of 785 nm and a laser 

power of 300 mW, with a subsequent laser stability of 1%. The data was 

observed, analyzed, and reported (Gómez et al., 2023).  

 

3.7.12. Skin irritation test 

The skin safety study used male BALB/c mice, aged 10 weeks and weighing 20 

to 22 g. The "Institutional Animal Ethics Committee of the Central Animal 

House Facility, UPES, Dehradun, India" approved (UPES/IAEC/2023/3/07, 

dated 20/12/2023). The dorsal back skin of mice was shaved by 2 cm × 2 cm, 

and hair was removed by using hair removal cream. After that, the mice were 

kept under observation for 24 h. Imiquimod cream (5 %) "Imiquad® cream, 

Glenmark Pharmaceuticals, Mumbai, India" was applied consecutively for 6 

days to the mice skin for psoriasis induction. The optimized diacerein and 

berberine HCl-loaded transferosomes and saline solution were topically applied 

once a day to the mice psoriatic skin from 3rd day to 6th day (Bhardwaj et al., 

2022). By using the modified Draize approach, the skin was visually scored on 

day 7 for any noticeable alteration. A score of 0 to 4 criteria was used to assign 

erythema as: 0 - no redness, 1 - hardly seeming light pink (trial erythema), 2 - 

dusky pink (moderate erythema), 3 - bright red (moderate to high erythema), 

and 4 - dark red (high levels of erythema) (Yadav et al., 2021). 

 

3.7.13. Stability studies  

Stability study of the optimized formulation was conducted at two different 

temperatures, such as 25 ± 2 °C / 60 ± 5 % and 4 ± 1 °C / 60 ± 5 % of RH 

(relative humidity) for 3 months as per the ICH guidelines (Dahiya et al., 2023). 
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In the next step, the optimized transferosomes was evaluated for zeta potential, 

physical appearance, vesicle size, and morphology.  

 

3.7.14. In vitro cytotoxicity evaluation of transferosomes 

3.7.14.1. Cell line and cell culture medium 

The immortalized human keratinocyte cell lines (HaCaT) were obtained from 

the "National Center for Cell Science, Pune, Maharashtra, India". The cell lines 

were grown in DMEM medium. The media included 100 IU/mL penicillin, 10% 

inactivated fetal bovine serum (FBS), 5 µg/mL amphotericin B, and 100 µg/mL 

streptomycin. It was incubated at 37 °C in a humid environment with 5% CO2. 

The cell detachment process was carried out with TPVG (Trypsin Phosphate 

Versene Glucose) solution, which contained 0.05% glucose, 0.02% EDTA, and 

0.2% trypsin in PBS. Following detachment, the fluid was neutralized with 

DMEM, and the cells were reseeded in a T25 cm2 culture flask.  

 

3.7.14.2. Cytotoxicity studies 

The cytotoxicity analysis were performed by using an MTT assay. The 

optimized formulation was exposed to HaCaT cell lines for cytotoxic studies by 

using an MTT assay. In this assay, initially, the HaCaT cells were trypsinized 

by using a TPVG solution. The cells were counted using a hemocytometer. The 

“cells were seeded at a density of 10,000 cells per well in a 96-well plate” and 

allowed to adhere by incubating at 37 °C in a humid 5% CO2 environment. 

Different dilutions of the optimized formulations were added to a 96-well plate 

that contained adherent cells and subjected to incubation for 24 h. The cells that 

were not treated were referred to as the control group. The MTT solution was 

prepared at a concentration of 5 mg/mL in PBS. In each well, 25 µL of the 

above-prepared solution was added. Again, the plate was subjected to 

incubation for 2 h at 37 °C. DMSO (100 µL) was added to the plate after 

removing the medium from the wells. Gently, the plates were shaken for the 

solubilization of formazan crystals. The plates were subjected to absorbance 
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measurements at 540 nm and 660 nm by using an ELISA plate reader. The IC50 

value (concentration of optimized formulation that reduced cell viability by 

50%) was determined by using the software Graph Pad Prism and reported (Yao 

et al., 2023).  

 

3.8. PREPARATION OF TRANSFEROSOMES-LOADED GEL  

Formulation and initial characterization of berberine-diacerein loaded dual 

delivery transferosomes were described in detail in our previous publication 

(Singh and Awasthi, 2024). Berberine-loaded transferosomes and diacerein-

loaded transferosomes were developed using similar protocol to investigate the 

effect of single bioactive loaded transferosomes and compare their in vivo 

effectiveness with dual delivery transferosomes. Gel formulation containing 

berberine, diacerein, and berberine-diacerein loaded transferosomes are coded 

as formulation BTG, DTG, and BDTG, respectively. Briefly, optimized 

transferosomes were loaded into a hyaluronic acid gel-base formulation. The 

double-distilled water was taken in a dry beaker and 1% hyaluronic acid, 

ethanol, methylparaben, and propylparaben were added to it. The optimized 

transferosomes and Tween 80 were added to the homogenous gel system and 

mixed using a magnetic stirrer. The prepared gel system was kept for swelling 

at room temperature for 24 h, and after that, propylene glycol and glycerine 

were added to the transferosome gel system (Jain et al., 2022; Li et al., 2023). 

 

3.9. IN VITRO EVALUATION OF OPTIMIZED TRANSFEROSOMES 

LOADED GEL 

3.9.1. Determination of pH of optimized transferosomes loaded gel 

Drug loaded transferosomes containing gel (10% w/v) was dispersed in double-

distilled water. The pH was determined in triplicates using a calibrated digital 

pH meter.  
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3.9.2. Rheological study 

Rheological properties of the gel were analyzed using a phase-shear pressure 

test using a rheometer (C-LTD80/QC, Anton Paar GMBH, Austria). At 50 

different points, shear rate (1/s) and viscosity were measured as a function of 

shear pressure (Pa). Shear pressure was varied between 80–250 Pa and 250–80 

Pa, with each point being equilibrated for 10 seconds (Yadav et al., 2021).  

 

3.9.3. Spreadability  

Transferosomal gel (100 mg) was placed on a glass plate. Another glass plate 

was placed over the gel containing plate with. Initially, the gel diameter was 

measured and weights ranging from 5 to 100 g were applied to the gel. The 

weights were added at set intervals of 30 s. After each addition, the diameter 

was measured. The spreadability factor was calculated using equation 3.6 (Jain 

et al., 2021). 

Sreadability factor (cm2. g−1) =
Final spread area in cm2

Total weight applied on the gel in gram
       (3.6) 

 

3.9.4. In vitro drug release studies 

USP type II dissolution apparatus was used to determine release profiles of the 

payload from formulated transferosomal gel. The dialysis membrane was placed 

in sodium bicarbonate solution for 15 minutes to activate it and washed with 

double distilled water. The activated membrane was filled with transferosomes 

equivalent to 5 mg of diacerein and 5 mg of berberine HCl. Transferosomal gel 

containing dialysis membrane was immersed in the dissolution medium, PBS 

(pH 7.4), maintained at 37 ± 0.5 °C. The paddle was rotated at 100 rpm. Five 

millilitres of the samples were withdrawn at 0, 1, 2, 3, 4, 5, 6, 8, 10, 12, 16, and, 

24 hours intervals. The sink condition was maintained by adding an equivalent 

amount of phosphate buffer (pH 7.4) after each sampling. The samples were 

filtered and subjected to analysis using a UV spectrophotometer (UV-1900, 

Shimadzu, Japan). Sampling was done in triplicate. The samples were analyzed 

at 340 nm and 258 nm, respectively, for Berberine HCl diacerein (Dhavale et 

al., 2021). 
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3.10. IN VIVO EVALUATION OF OPTIMIZED TRANSFEROSOMES 

LOADED GEL 

3.10.3. Determination of anti-psoriatic activity 

Anti-psoriatic activity was accessed in the imiquimod-induced psoriatic 

BALB/c mice model at 8–10 weeks of age and a weight of 20–22 g. Protocol 

was approved by the IAEC of UPES, Dehradun, India (UPES/IAEC/2023/3/07 

dated December 20, 2023. The animals were placed in controlled environment 

(25 ± 1°C, 55 ± 5% RH, and 12 h of dark and light cycles) with food and water 

ad libitum. 

 

The animals were divided into seven groups (n = 5). Group I was the control 

group, receiving no treatment. Group II, the positive control, was treated with 

imiquimod cream and betamethasone valerate cream (0.01%, Betnovate cream, 

Glaxo SmithKline Pharm. Ltd., Bangalore, India). Group III, the negative 

control, was treated with only imiquimod cream. Group IV, the vehicle control, 

was treated with imiquimod cream and a gel base without active drugs. Group 

V was treated with imiquimod cream and berberine HCl transferosomal 

hydrogel. Group VI received imiquimod cream and diacerein transferosomal 

hydrogel. Group VII was treated with imiquimod cream and a combination of 

berberine HCl and diacerein transferosomal hydrogel (Yadav et al., 2021; Jain 

et al., 2022;). The dorsal skin of mice, measuring 2 cm by 2 cm, was shaved and 

observed for 24 h. Imiquimod cream (62.5 mg/day) (Imiquad®, Glenmark 

Pharm., Mumbai, India) was applied to the shaved skin of mice for 6 days for 

the induction of psoriasis. The treatment was initiated on the third day of the 

induction of disease and continued until the sixth day of the study (Figure 3.3). 

 

3.10.2. Evaluation of Severity Index and Psoriasis Area 

The evaluation of psoriasis area and severity index (PASI) scheme was used to 

determine the inflammation level by observing scaling and erythema on the 

dorsal skin. The extent of scaling and erythema was assessed using a rating scale 
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ranging from 0 to 4, where 0 indicates no, 1 indicates mild, 2 indicates moderate, 

3 indicates significant, and 4 indicates severe. The scoring was done each day 

for seven consecutive days (Yadav et al., 2021; Jain et al., 2022). 

 

Figure 3.2. Groups distribution of mice model for anti-psoriatic assessment. 

 

Figure 3.3. Graphical illustration of assessment of anti-psoriatic efficacy in 

mice model. 
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3.10.3. Histopathology of dorsal skin lesion and spleen 

Following a painless decapitation, the animals underwent cervical dislocation 

on the 7th day. Histopathology of dorsal skin and spleen was done. Skin and 

spleen samples were preserved in 10% v/v formalin. The skin and spleen 

samples were stained using hematoxylin and eosin for 12 h at 25 °C, and a 

digital microscope (BT-E Cilika microscope by Medprime Technologies Pvt. 

Ltd., Maharashtra, India) was used for image capturing. The severity of disease 

progression was studied carefully. Each animal underwent separate evaluation 

for its cornified epidermis and dermal layer, followed by pathological 

alterations such as hyperkeratosis, acanthosis, and inflammatory infiltrates 

(Yadav et al., 2021; Jain et al., 2022). 

 

3.10.4. Determination of cytokines using ELISA 

Disease incidence directly correlates with an increase in cytokine levels. It is 

necessary to quantify the level of cytokines that helps to determine the effect of 

treatment therapy. Inflammatory cytokine levels (TNF-α and IL-17A) were 

examined by the ELISA method. The skin tissue sections were homogenized at 

3000 rpm for 5 min in extraction buffer (150 mM NaCl, 10 mM Tris pH 7.4, and 

1% Triton X-100) using a tissue homogenizer (REMI Electro Kinetic Ltd., India). 

The homogenates were centrifuged (Remi C-24 Plus, Mumbai, India) at 4 °C with 

10,000 rpm for 5 min. The supernatant was collected and subjected to cytokine 

(TNF-α and IL-17A) analysis using the standard protocol mentioned on the ELISA 

kit. The kit provided instructions for performing experiment. The plates were 

coated with a 50 μL capture antibody, and the appropriate wells were filled with 

100 μL of standards and sample. The plates were incubated for 2 h at 25 °C. The 

incubated plate was further washed three times with a wash buffer. The washed 

plates were filled with 100 μL of a diluted detection antibody (Biotin Conjugated 

Detection Antibody) solution. The plates were incubated for 1 h at 25 °C. After 

incubation, the plates were washed three times with wash buffer. The plates were 

further incubated with 100 μL of streptavidin-HRP solution for 1 h. The incubated 

plates were washed with wash buffer and incubated with 100 μL of 3,3’,5,5’-

tetramethylbenzidine solution for 30 min in the dark. For the termination of the 
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reaction, 100 μL of stop solution was added to each well and examined for 

absorbance at 450 nm (Jain et al., 2022). 

 

3.10.5. Statistical analysis 

The statistics were analysed by using 8.0.2 trial version of GraphPad Prism 

software. The one-way ANOVA by using an Unpaired two-tailed t-test was used 

to determine the level of statistical significance at p-values of < 0.01 (**), < 0.05 

(*), or < 0.005 (***). 
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RESULTS AND DISCUSSION 

4.1. Pre-formulation studies 

4.1.1. Physical characterization of bioactives 

Diacerein was a fine, yellow powder with no odour. The findings were 

consistent with the existing literature (Patel et al., 2020; Bansal et al., 2022). 

Berberine HCl was a yellow, odorless powder. The findings were consistent 

with the existing literature (Singh et al., 2018; Fan et al., 2019). 

 

4.1.2. Melting point 

Melting point of diacerein was determined by the capillary method (255 ± 1.2 

°C). We found the observed value to be closest to the reported value of 255.2 

°C (Patel et al., 2020). The melting point of berberine HCl was found to be 145 

± 1.44 °C. We found it to be closest to the reported value of 145.1–146.7 °C (Ai 

et al., 2021; Javed et al., 2021). 

 

4.1.3. max (absorption maxima) and calibration curve of berberine HCl 

The max of berberine HCl was determined in phosphate buffer (pH 7.4) using 

a UV spectrophotometer. The max of berberine HCl was found at 340 nm 

(Figure 4.1). The berberine HCl calibration curve was prepared in phosphate 

buffer pH 7.4 nm (Figure 4.2) and methanol with 340 nm (Figure 4.3) and 

showed r2 0.9977 and 0.9985, respectively. In phosphate buffer (pH 7.4), 

berberine HCl showed linearity between 2-16 µg/mL concentration with a R2 

value of 0.9977. 

 

4.1.4. max (absorption maxima) and calibration curve of diacerein 

The max of diacerein was identified in DMSO and phosphate buffer (pH 7.4) 

ratio (3:7) by using a UV spectrophotometer and scanned from 200 to 800 nm. 

The max of diacerein was found at 258 nm (Figure 4.4). The diacerein 

calibration curve was prepared in DMSO and phosphate buffer, pH 7.4 (at a 
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ratio of 3:7) (Figure 4.4) and showed r2 value 0.9965. Diacerein, in phosphate 

buffer (pH 7.4) containing DMSO, showed linearity between 1-8 µg/mL 

concentration range with a R2 value of 0.9977. 

 

Figure 4.1. UV scan of berberine HCl in phosphate buffer, pH 7.4 (black line); 

and UV scan of diacerein in DMSO and phosphate buffer, pH 7.4 (yellow line). 

 

Figure 4.2. Calibration curve of berberine HCl in phosphate buffer (pH 7.4). 
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Figure 4.3. Calibration curve of berberine HCl in methanol. 

 

 

Figure 4.4. Calibration curve of diacerein in DMSO and phosphate buffer, pH 

7.4 (3:7 ratio). 

 

4.2. OPTIMIZATION STUDIES 

Diacerein and berberine HCl-loaded transferosomes were optimized by using Box-

Behnken design. Here, three independent variables were used to develop the 
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significant model: A-concentration of phosphatidylcholine, B-concentration of 

sodium deoxycholate, and C-sonication time. We used a three-level factorial 

design to optimize the interactions between the individual variables and their 

influence on the experimental responses, specifically vesicle size and entrapment 

efficiency of diacerein and berberine HCl (Tables 4.1 and 4.2). The statistical 

measures used to determine model significance include the analysis of variance 

(ANOVA) and regression coefficient (R2) tests. The results revealed that the BDT-

10 formulation, with an 85:15 ratio of phosphatidylcholine (A) and sodium 

deoxycholate (B) and a 3-minute sonication time (C), was an optimized 

formulation (Tables 1 and 2). 

 

Table 4.1. Results of diacerein and berberine HCl loaded dual delivery 

transferosomes 

Formulatio 

code 

Particle 

size (nm) 

Entrapment efficiency (%) Drug loading (%) Deformability 

(%) 

Berberine 

HCl 

Diacerein      Diacerein Berberine 

HCl 

BDT-1 95.93±2.5 69.14±1.4 71.32±2.2 15.03±0.65 12.94±0.03 8.47±0.02 

BDT-2 118.45±1.4 65.30±1.7 72.34±1.4 15.09±0.39 12.70±0.24 13.11±0.09 

BDT-3 103.00±1.2 62.11±1.4 66.61±1.5 14.59±0.02 12.35±0.11 10.79±0.19 

BDT-4 114.60±3.5 59.24±1.5 64.87±1.6 14.47±0.20 12.04±0.02 12.97±0.02 

BDT-5 104.50±2.2 85.73±1.5 88.22±1.8 19.37±0.36 17.05±0.07 11.47±0.36 

BDT-6 90.80±2.7 68.32±2.4 65.51±1.2 14.51±0.14 12.90±0.07 8.35±0.18 

BDT-7 99.90±1.6 64.51±1.6 69.11±2.1 15.07±0.05 12.50±0.04 9.78±0.12 

BDT-8 119.00±2.8 72.11±2.1 84.09±1.4 18.96±0.16 15.7±0.19 14.51±0.12 

BDT-9 106.90±2.6 60.27±1.4 61.15±1.4 14.40±0.07 12.16±0.09 10.80±0.11 
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BDT-10 110.90±2.8 89.50±1.5 91.23±1.8 21.91±0.05 19.41±0.47 12.44±0.39  

BDT-11 115.00±1.6 75.42±1.2 74.42±1.5 15.90±0.65 16.17±0.06 13.34±0.25 

BDT-12 86.98±2.4 66.16±2.4 68.61±2.3 14.98±0.28 12.77±0.02 7.43±0.04 

BDT-13 121.45±2.5 76.00±1.2 82.32±1.5 18.22±0.07 16.70±0.21 14.15±0.08 

 

The study examined the effect of three independent variables (A- concentration 

of phosphatidylcholine, B- concentration of sodium deoxycholate, and C-

sonication cycles) on the dependent factors (particle size, entrapment efficiency 

of transferosomes for diacerein, and berberine HCl) of the dual drug-loaded 

transferosomes (Table 4.1). 3D response surface and contour plots of 

parameters as a function of formulation variables such as particle size (Figures 

4.5, 4.6, and 4.7) percentage entrapment efficiency of berberine HCl (Figures 

4.8, 4.9, and 4.10), and percentage entrapment efficiency of diacerein (Figures 

4.11, 4.12, and 4.13) were plotted. The correlation between the dependent and 

independent variables are represented by following quadratic equations (Eq. 4.1 

– 4.3). 

 

Y1 = 110 - 10.79A - 5.65B - 3.08C + 2.96AB - 2.23AC - 0.0125BC - 6.62A2 - 

1.11B2+ 0.9437C2                                                        (4.1) 

 

Y2 = 89 - 5.13A + 0.7500B + 0.1250C - 2.50AB -0.2500AC + 2.00BC - 3.37A2 

- 11.12B2 -16.38C2                                                    (4.2) 

 

Y3 = 90.85 - 6.88A - 1.13B - 1.75C - 3.00AB + 2.25AC + 3.25BC - 3.17A2 -

11.17B2 - 13.93C2                                                 (4.3) 

 

In this equation, A represents the quantity of phospholipid, B represents the 

quantity of edge activator, C represents the duration of the sonication cycle, AB 
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represents the effect of phospholipid and edge activator, AC represents the 

effect of phospholipid and the duration of the sonication cycle, and BC 

represents the effect of edge activator and the duration of the sonication cycle.  

 

Equation 4.1 demonstrated a negative correlation between the amount of 

phosphatidylcholine (phospholipid) and the size of the transferosome particle. 

Research indicates that an increase in phospholipid concentration leads to a 

decrease in vesicle size (Qushawy et al., 2018; Vasanth et al., 2020). Similarly, 

the amount of sodium deoxycholate, an edge activator, also had a negative effect 

on the size of the vesicle. So, to make transferosomes with smaller particles, it 

would be better to use more phosphatidylcholine (a phospholipid) and sodium 

deoxycholate (an edge activator). It is because the edge activator destabilizes 

the phospholipids and increases the flexibility of the lipid bilayer. The 

utilization of response surface plots further elucidated the correlation between 

the dependent and independent variables. Figure 4.5 depicts an increase in the 

amount of phosphatidylcholine (phospholipid), which causes a decrease in the 

mean vesicle size. In addition, a higher sonication cycle level is responsible for 

less particle aggregation and smaller vesicles (Figure 4.6); hence, the duration 

of the sonication cycle suppresses the vesicle size. 

 

It is possible that the drugs' low solubility in water is responsible for their high 

percentage of encapsulation efficiency and drug loading. For berberine HCl, the 

percentage entrapment efficiency was 59.24 ± 1.5 to 89.50 ± 1.5%, and the 

percentage drug loading was 12.04 ± 0.02 to 19.41 ± 0.47%. For diacerein, the 

percentage entrapment efficiency was 61.15 ± 1.4 to 91.23 ± 1.8%, and the 

percentage drug loading was 14.40 ± 0.07 to 21.91 ± 0.05%. Equations 4.2 and 

4.3 clearly show a negative correlation between phospholipid 

(phosphatidylcholine) and the encapsulation of diacerein and berberine HCl. 

That means that when there is more phosphatidylcholine, there is less diacerein 

and berberine HCl encapsulated in the transferosomes (Shaji et al., 2014). 

Therefore, it has been suggested that the use of lower amount of 

phosphatidylcholine lead to high drug encapsulation efficiency. 
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However, sodium deoxycholate (edge activator) had a positive correlation with 

the encapsulation efficiency of berberine HCl (equation 4.2), Figures 4.8, 4.9, 

and 4.10) and a negative correlation with the encapsulation efficiency of 

diacerein (equation 4.3), Figures 4.11, 4.12, and 4.13). Ahad et al., 2012 

reported a negative effect of edge activator level on drug entrapment efficiency. 

Similarly, an increased concentration of surfactant can result in a reduction in 

entrapment efficiency (Jain et al., 2003; Patel et al., 2009). The potential 

explanation is that the arrangement of edge activator molecules within the lipid 

bilayer structure of the vesicle is responsible for the elevation of phospholipid 

layer permeability. The arrangement of the edge activator may create vesicle 

membrane openings, leading to increase in fluidity and leaking out of the loaded 

drugs (Bnyan et al., 2018; Opatha et al., 2020). 

  

We found that the entrapment efficiency of diacerein was higher than that of 

berberine HCl. The increase in the number of vesicles is dependent on the higher 

concentration of the edge activator. Furthermore, this creates a larger 

hydrophobic bilayer area that allows for hydrophobic drug encapsulation 

(Opatha et al., 2020). Table 4.2 shows that the observed and predicted values 

revealed a substantial degree of agreement, which suggests that the constructed 

model is valid. We systematically examined the possible interaction between all 

independent factors shown in Figure 4.14, 4.15, and 4.16 and their effects on 

dependent factors, such as particle size (A), entrapment efficiency of berberine 

HCl (B), and diacerein (C). This model depicted higher drug encapsulation and 

loading, surpassing the findings of a previously reported study (Mishra et al., 

2022). 

 

Phosphatidylcholine (A) had a substantial impact on the size of the vesicles (Y1) 

(F value 151.47), with a p-value less than 0.05, in comparison to sodium 

deoxycholate (B) (F value 41.57) and the sonication cycle time (C) (F value 

12.37). The duration of sonication reduced the size of the vesicles. The size of 

the vesicles was considerably affected by the combination of 

phosphatidylcholine and sodium deoxycholate (AB), as indicated by the 
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statistical analysis (p value 0.0974, F value 5.68). The squared form of 

phosphatidylcholine quantity (A2) had a significantly stronger impact on vesicle 

size compared to the combination of variables, as indicated by the F value of 

16.30 (Table 4.3). 

 

The independent factors A (phosphatidylcholine), B (sodium deoxycholate), 

and C (sonication time) showed significant effects on the entrapment efficiency 

of diacerein and berberine HCl at p < 0.05. Factor A (phosphatidylcholine) 

showed a relatively greater influence on the entrapment efficiency of diacerein 

and berberine HCl than the factor B (sodium deoxycholate) and factor C 

sonication cycle time, as indicated by measured F values (21.93 and 28.90, 

respectively, for diacerein and berberine HCl). 

 

There was a suppressive effect of sonication time on entrapment efficiency. The 

berberine HCl entrapment efficiency was significantly (F value 2.61 and p value 

0.2047) influenced by the combination of phosphatidylcholine and sodium 

deoxycholate (AB). Similarly, the diacerein entrapment efficiency was 

significantly (F value 3.23 and p value 0.1702) influenced by the combination 

of sodium deoxycholate and sonication time (BC). Moreover, the combination 

of phospholipid (phosphatidylcholine) and sonication time (AC) did not show 

any interaction on the entrapment efficiency of berberine HCl. The squared 

form of sodium deoxycholate amount (B2) and sonication duration (C2) had a 

greater impact on berberine HCl (F value 29.52 and 63.95, respectively) and 

diacerein (F value 21.82 and 33.88, respectively) entrapment than the combined 

effect of the variables (Table 4). 
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Figure 4.5. 3D response surface and contour plots illustrating the relationship 

between formulation variables (phosphatidylcholine concentration and sodium 

deoxycholate concentration) on particle size. 
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Figure 4.6. 3D response surface and contour plots illustrating the relationship 

between formulation variables (sonication cycles and phosphatidylcholine 

concentration) on particle size. 
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Figure 4.7. 3D response surface and contour plots illustrating the relationship 

between formulation variables (sonication cycles and sodiumdeoxycholate 

concentration) on particle size. 
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Figure 4.8. 3D response surface and contour plots illustrating the relationship 

between formulation variables (phosphatidylcholine concentration and sodium 

deoxycholate concentration) on percentage entrapment efficiency of berberine 

HCl. 
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Figure 4.9. 3D response surface and contour plots illustrating the relationship 

between formulation variables (phosphatidylcholine concentration and 

sonication time) on percentage entrapment efficiency of berberine HCl. 
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Figure 4.10. 3D response surface and contour plots illustrating the relationship 

between formulation variables (sonication cycles and sodium deoxycholate 

concentration) on percentage entrapment efficiency of berberine HCl. 
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Figure 4.11. 3D response surface and contour plots illustrating the relationship 

between formulation variables (phosphatidylcholine concentration and sodium 

deoxycholate concentration) on percentage entrapment efficiency of diacerein. 
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Figure 4.12. 3D response surface and contour plots illustrating the relationship 

between formulation variables (phosphatidylcholine concentration and 

sonication time) on percentage entrapment of diacerein. 
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Figure 4.13. 3D response surface and contour plots illustrating the relationship 

between formulation variables (sonication cycles and sodium deoxycholate 

concentration) on percentage entrapment of diacerein. 
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Table 4.2. Predicted and actual values for all response variables. 

Formulati

on code 

Particle size 

(nm) 

Encapsulation efficiency (%) 

Berberine HCl Diacerein 

Predict

ed 

Actual Predict

ed 

Actual Predict

ed 

Actual 

BDT-1 95.08 95.93 71.12 69.00 73.75 71.00 

BDT-2 119.46 118.45 62.62 65.00 71.87 72.00 

BDT-3 101.98 103.00 64.37 62.00 66.12 66.00 

BDT-4 113.32 114.60 58.87 59.00 61.87 64.00 

BDT-5 105.35 104.50 82.87 85.00 85.25 88.00 

BDT-6 89.67 90.80 67.62 68.00 65.50 65.00 

BDT-7 99.74 99.90 64.25 64.00 66.37 69.00 

BDT-8 116.86 119.00 74.00 72.00 84.62 84.00 

BDT-9 108.18 106.90 60.12 60.00 63.12 61.00 

BDT-10 110.9 110.90 89.00 89.00 90.85 90.85 

BDT-11 115.15 115.00 74.75 75.00 76.62 74.00 

BDT-12 89.11 86.98 64.00 66.00 67.37 68.00 

BDT-13 122.57 121.45 76.37 76.00 81.50 82.00 
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Figure 4.14. Interaction between the amount of edge activator (sodium 

deoxycholate) and phosphatidylcholine (phospholipid), amount of phospholipid 

and sonication time, and amount of edge activator and sonication time affecting 

particle size. 
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Figure 4.15. Interaction between the amount of edge activator (sodium 

deoxycholate) and phospholipid (phosphatidylcholine), amount of phospholipid 

and sonication time, and amount of edge activator and sonication time affecting 

entrapment of berberine HCl. 
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Figure 4.16. Interaction between phospholipid and edge activator, amount of 

phosphatidylcholine and sonication time, and amount of edge activator and 

sonication time affecting entrapment of diacerein. 
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Table 4.3. One Way ANOVA results for entrapment efficiency of diacerein and 

berberine HCl, and particle size. 

Response Source Mean 

Square 

Sum of 

Squares 

F-

value 

p-value 

Y1: Particle 

size 

Model 162.21 1459.88 26.37 0.0105* 

A 931.82 931.82 151.47 0.0012 

B 255.72 255.72 41.57 0.0076 

C 76.08 76.08 12.37 0.0390 

AB 34.93 34.93 5.68 0.0974 

AC 19.89 19.89 3.23 0.1700 

BC 0.0006 0.0006 0.0001 0.9926 

A2 100.28 100.28 16.30 0.0273 

B2 2.80 2.80 0.4547 0.5484 

C2 2.04 2.04 0.3309 0.6054 

Residual 6.15 18.46   

Cor total  1478.34   

Y2: 

Entrapment 

efficiency of 

berberine HCl 

(%EE) 

Model 109.92 989.25 11.47 0.0347* 

A 210.13 210.13 21.93 0.0184 

B 4.50 4.50 0.4696 0.5424 

C 0.1250 0.1250 0.0130 0.9163 

AB 25.00 25.00 2.61 0.2047 

AC 0.2500 0.2500 0.0261 0.8820 

BC 16.00 16.00 1.67 0.2868 

A2 26.04 26.04 2.72 0.1979 

B2 282.89 282.89 29.52 0.0122 

C2 612.89 612.89 63.95 0.0041 

Residual 9.58 28.75   

Cor total  1018.00   

Y2: 

Entrapment 

efficiency of 

diacerein 

(%EE) 

Model 120.97 1088.74 9.25 0.0468* 

A 378.13 378.13 28.90 0.0126 

B 10.13 10.13 0.7739 0.4438 

C 24.50 24.50 1.87 0.2646 

AB 36.00 36.00 2.75 0.1957 

AC 20.25 20.25 1.55 0.3018 

BC 42.25 42.25 3.23 0.1702 

A2 23.04 23.04 1.76 0.2764 

B2 285.44 285.44 21.82 0.0185 

C2 443.21 443.21 33.88 0.0101 

Residual 13.08 39.25   

Cor total  1127.99   

where A is the concentration of phosphatidylcholine, B is the concentration 

of sodium deoxycholate, C is the sonication time, and *represents 

significant 
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4.3. EVALUATION OF TRANSFEROSOMES 

4.3.1. Fourier transformed infrared analysis  

FTIR is useful technique for studying the behaviour of solid drugs and 

excipients. It is also beneficial in compatibility studies between drug-drug 

interaction and drug-excipient interactions. The drug-drug interaction can 

identify by analyzing alterations in vibrational frequencies of functional groups 

of drugs that involved in the interaction. The formation of new peaks, absorption 

peak disappearance, and peak intensity alleviation show incompatibility issues 

between drug-drug interaction and drug-excipient interaction due to the 

formation of hydrogen bonding and Vander Waals forces.  (Segall et al., 2019).  

 

The FTIR analysis was performed by using KBr pellet method for pure drugs 

(berberine HCl and diacerein), drug-drug interaction, excipients 

(phosphatidylcholine and sodium deoxycholate) and optimized formulation 

BDT-10 reported in Figure 4.17. The functional group peak of berberine HCl 

and diacerein, phosphatidylcholine, and sodium deoxycholate was reported in 

Table 4.4. The physical mixture of berberine and diacerein did not showing any 

new peak formation in figure. that depicted compatibility of drugs among 

themselves.  
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Figure 4.17: FTIR spectrum of diacerein (a), berberine HCl (b), physical 

mixture of berberine HCl and diacerein (c), sodium deoxycholate (d), 

phosphatidylcholine (e), and optimized formulation (formulation BDT-10) (f). 
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Table 4.4. Results of FTIR spectroscopy of diacerein, berberine HCl, physical 

mixture of berberine HCl and diacerein, phosphatidylcholine, sodium 

deoxycholate, and optimized formulation (formulation BDT-10). 

 

4.3.2. X-ray diffraction analysis 

XRD technique is a valuable tool for identification of drug polymorphism form. 

These polymorphic forms play major role in drug solubility and stability. The 

sharp peaks of drugs molecules signify that molecules are crystalline in nature 
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while formation of diffuse halo indicated the amorphous nature of drug (Thakral 

et al., 2018).  An X-ray diffraction (XRD) examination was conducted on 

berberine HCl, diacerein, a physical mixture of berberine HCl and diacerein, 

and the optimized formulation (formulation BDT-10) to determine the physical 

state of the drugs in their pure form, physical mixture, and optimized 

formulation. 

 

 

The berberine HCl diffractogram (Figure 4.18) showed diffraction angles and 

sharp peaks at 6.8, 7.5, 8.6, 12.9, 16.3, 20.4 and 25.5° (Sahibzada et al., 2018; 

Choudhury et al., 2022). The diacerein diffractogram (Figure 4.19) depicted 

sharp peaks at 5.2, 10.5, 17.4, 21.9, 25.1 and 27.8°. From the sharp peaks, it was 

found crystalline in nature and poor aqueous solubility. A similar diacerein 

diffractogram peaks has been documented previously (Naseef et al., 2018). The 

berberine HCl and diacerein mixture diffractogram (Figure 4.20) showed peaks 

at 5.4, 10.3, 12.4, 17.39, and 27.25° that signifies there was no physical change 

appear in the drugs mixture. The diffractogram (Figure 4.21) of 

phosphatidylcholine showed a peak at 21.02° and sodium deoxycholate (Figure 

4.22) showed a peak at 15.43°. The optimized formulation showed (Figure 4.23) 

peaks at 5.56, 10.88, 13.99, 15.92, 17.7 and 28.23° with less intensity. This less 

intensity showed the partial conversion of drug molecules into the amorphous 

phase.  

 

Figure 4.18: X-ray diffraction spectrum of berberine HCl. 



102 

 

Figure 4.19: X-ray diffraction spectrum of diacerein. 

 

 

Figure 4.20: X-ray diffraction spectrum of physical mixture of berberine HCl 

and diacerein. 
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Figure 4.21: X-ray diffraction spectrum of phosphatidylcholine. 

 

 

 

Figure 4.22: X-ray diffraction spectrum of sodium deoxycholate. 
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Figure 4.23: X-ray diffraction spectrum of optimized formulation (formulation 

BDT-10) (f). 

 

4.3.3. Thermogravimetric analysis  

Thermogravimetric analysis (TGA) is a method used to measure the change in 

mass of a sample because of temperature or time. The delta Y is used as a 

representation of weight loss. The berberine HCl drug showed weight loss 

because of the water decomposition at three stages near 100, 180, and above 

280 °C (Figure 4.24) (Xiao et al., 2020). The diacerein showed weight loss 

above at 250 °C because of the water decomposition (Figure 4.25). There was 

no peak development observed in phosphatidylcholine (Figure 4.26) while 

sodium deoxycholate showed a peak near 350°C (Figure 4.27). However, the 

berberine HCl and diacerein physical mixture depicted no temperature change 

but showed weight loss near 100 and above 200 °C, respectively. This weight 

loss occurred because of the methoxy group slow elimination (Figure 4.28) 

(Guan et al., 2020). The optimized dual drug-loaded formulation showed weight 

loss because of berberine HCl and diacerein entrapment in phospholipid layers 

and water loss (Figure 4.29) (Mishra et al., 2022).  
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Figure 4.24: Thermogravimetric spectrum of berberine HCl. The curve 

representing Delta Y indicates residual weight loss. 

 

 

 

Figure 4.25: Thermogravimetric spectrum of diacerein. The curve representing 

Delta Y indicates residual weight loss. 
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Figure 4.26: Thermogravimetric spectrum of phosphatidylcholine. The curve 

representing Delta Y indicates residual weight loss. 

 

 

 

Figure 4.27: Thermogravimetric spectrum of sodium deoxycholate. The curve 

representing Delta Y indicates residual weight loss. 
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Figure 4.28: Thermogravimetric spectrum of physical mixture of berberine HCl 

and diacerein. The curve representing Delta Y indicates residual weight loss. 

 

 

Figure 4.29: Thermogravimetric spectrum of optimized formulation 

(formulation BDT-10). The curve representing Delta Y indicates residual 

weight loss. 

 

4.3.4. Vesicle size, polydispersity index, and zeta potential 

A total of 13 transferosome formulations loaded with diacerein and berberine 

HCl were developed and optimized using Box-Behnken design. The developed 

transferosomes had PDI ranged from 0.244 ± 0.014 to 0.452 ± 0.008 and particle 

size ranged from 86.98 ± 2.4 to 121.45 ± 9.22 nm. The optimized formulation 
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showed a zeta potential of -13.3±0.6 mV (Figure 4.30), a PDI of 0.296, and a 

particle size of 110.9 ± 2.8 nm (Figure 4.31). The particle size directly affects 

the colloidal stability and cellular absorption, while the PDI controls the size 

distribution. Particles of a size of less than 300 nm can be easily deposited into 

the epidermis and dermis layers of the skin, and they may even be able to reach 

the sub-dermis layer in transdermal delivery. The particles within the 10-210 

nm size range can pass via the transfollicular route, and those less than 7 nm 

can pass through the lipid transepidermal route. When the PDI value is greater 

than 0.7, it signifies that the system has an unacceptable variety of particle sizes 

that are more widespread. Because the PDI values for vesicular nanoparticles 

are lower than 0.3, this indicates that the system is homogeneous with less 

aggregation (Danaei et al., 2018; Liu et al., 2018; Dhavale et al., 2021). 

 

Transferosomes have deformable and flexible features because of the presence 

of an edge activator. The edge activator destabilizes lipid bilayers and provides 

transferosomes with squeezing properties. The reduction in particle size 

observed when sodium deoxycholate interacts with lipid layers can be attributed 

to its negative charge. By measuring the zeta potential of a nanoparticle system, 

the stability of the system can be identified. The repulsive energy between 

particles causes the electrostatic repulsion, and this potential provides 

information on the surface charge. The increase in colloidal electrostatic 

repulsion occurs because of the dominance of Van der Waals forces that lead to 

system stability. There are several factors, such as flocculation, particle 

distribution, and accumulation, that affect the zeta potential. The presence of 

electrostatic repulsion in vesicular structures made up of anionic surfactants 

shows less particle aggregation. The zeta potential displayed by transferosomes 

is constant within the range of +30 to -30 mV (Dhavale et al., 2021; Ansari et 

al., 2022). Our findings revealed that the optimized formulation (formulation 

BDT-10) demonstrated a uniform size distribution, favorable stability, and no 

aggregation, suggesting its potential to enhance skin permeability. 
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Figure 4.30. Zeta potential analysis of optimized formulation (formulation 

BDT-10). 

 

Figure 4.31. Particle size distribution and PDI of optimized formulation 

(Formulation BDT-10). 

 

4.3.5. Entrapment efficiency and drug loading 

The entrapment efficiency and drug loading depend upon independent factors 

like phosphatidylcholine, sodium deoxycholate, and sonication time and 

dependent factors like particle size, morphology, particle aggregation, etc. The 

entrapment efficiency of berberine HCl was found between 59.24 ± 1.5 to 89.50 

± 1.5% and diacerein was found between 61.15 ± 1.4 to 91.23 ± 1.8 % in 
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transferosome formulations. The drug loading of berberine HCl was found 

between 12.04 ± 0.02 to 19.41 ± 0.47% and diacerein drug loading was found 

between 14.40 ± 0.07 to 21.91 ± 0.05% in transferosome formulations. The 

optimized formulation BDT-10 exhibited berberine HCl and diacerein 

encapsulation efficiency of 89.50 ± 1.5 and 91.23 ± 1.8, respectively, and 

percentage drug loading of berberine HCl and diacerein was found to be 19.41 

± 0.47 and 21.91 ± 0.05, respectively. It has been reported that higher 

concentrations of phospholipids lead to less encapsulation. The high 

concentration of sodium deoxycholate reduced the berberine HCl encapsulation 

efficiency and enhanced diacerein encapsulation efficiency. The berberine 

encapsulation efficiency was reduced due to an increment of vesicle membrane 

permeability while diacerein encapsulation efficiency was found high because 

increased surfactant concentration produced a large number of vesicles that 

developed more hydrophobic bilayer region for hydrophobic drugs 

accommodation (Ahad et al., 2012; Shaji et al., 2014; Bnyan et al., 2018; 

Opatha et al., 2020).  

 

4.3.6. Determination of deformability 

The deformability of the transferosomes depends upon the edge activator that 

destabilizes phospholipids bilayers. This deformability feature of 

transferosomes allows them to pass through the stratum corneum by squeezing 

process. After squeezing, they can even reform themselves and deliver the drugs 

to the disease site. Moreover, surfactant charge also affects the transferosome 

features.  The transferosome formulations exhibited deformability between 7.43 

± 0.04 to 14.51 ± 0.12% (Table 2). The optimized transferosome formulation 

BDT-10 showed 12.44 ± 0.39% deformability. It is clearly indicated that 

sodium deoxycholate amount affect the lipid bilayers and provides flexibility 

and squeezing properties to transferosomes without any rupturing in topical 

delivery (Shuwaili et al., 2016). 
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4.3.7. Morphological characterization  

The nanoparticle penetration and drug delivery to skin either topical or 

transdermal delivery depends upon its shape. Some factors like surface area, 

penetration depth, adhesion and retention of nanoparticles affect topical and 

transdermal delivery. The spherical and round-shaped nanoparticles can 

smoothly endocytose compared to other shape nanoparticles like nanorods. The 

cells cannot do endocytosis because of cell's inability to start actin-dependent 

membrane kinetics. It has been reported that clathrin-mediated endocytosis is 

highly susceptible in taken-up spherical shape nanoparticles (Yusuf et al., 

2023). 

 

The optimized formulation BDT-10 depicted the spherical shape of the 

transferosomes in HRTEM images without any aggregation (Figure 4.32). The 

transferosomes particle size was found to be near the DLS result and can 

recommended for topical delivery. However, there is no strong relationship 

between the DLS results and HRTEM analysis. DLS is intensity intensity-

dependent process and operates on the Brownian motion principle, whereas 

TEM is a number-dependent process in which image formation is a consequence 

of the electron flux passing through the sample. Moreover, DLS calculates the 

hydrodynamic diameter and due to hydrating layers formation around the 

particles, particle size depicts larger. But TEM discloses particles projected 

surface area.  

 

 

Figure 4.32: TEM image of diacerein and berberine HCl-loaded optimized 

transferosomes (formulation BDT-10). 
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The study of material structure is mostly done by using the SAED (selected area 

electron diffraction). SAED analysis discloses the crystallinity of drug 

molecules loaded in the nanoparticles. The formation of the diffused rings in 

SAED indicates that loaded molecule is crystalline. There were no diffused 

rings depicted by optimized formulation in the SAED pattern which confirms 

loaded drugs are not in crystalline form (not on a larger scale) (Figure 4.33). 

 

 

Figure 4.33: Selected area electron diffraction (SAED) image of diacerein and 

berberine HCl-loaded optimized transferosomes (formulation BDT-10).  

 

Atomic force microscopy (AFM) has been used for the examination and 

interpretation of surface topography data obtained from both two-dimensional 

(2D) and three-dimensional (3D) views. The rough surface nanoparticles have 

high cellular uptake because rough surface offers a large surface area. This large 

surface area strongly interacts with cells due to more contact points. High rough 

surface also enhances cell adhesions that also improvise cellular uptake via 

endocytosis (Balata et al., 2020; Kim et al., 2021). The optimized formulation 

(formulation BDT-10) had average roughness (Ra) values of 5.43 nm and root 

mean square (Rq) values of 6.58 nm (Figure 4.34). 
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Figure 4.34: AFM image of diacerein and berberine HCl-loaded optimized 

transferosomes (formulation BDT-10). 

 

4.3.8. In vitro release study and release kinetics  

The optimized formulation (formulation BDT-10) was used to study the 

extended release of diacerein and berberine HCl in phosphate buffer (pH 7.4). 

The investigation was conducted by employing a dialysis membrane for a 

duration of 24 hours, which facilitated the comprehension of the mechanism of 

drug release. The optimized formulation exhibited a release (Figure 4.35) of 

82.09 ± 0.81% of berberine HCl after 18 hours and 90.54 ± 0.21% after 24 

hours. Additionally, diacerein shown a release of 85.02 ± 3.81% after 18 hours 

and 98.73 ± 3.21% after 24 hours. The study concluded that the optimized 

formulation exhibited a prolonged release of loaded bioactives, which can 

potentially improve the effectiveness of both the loaded drugs. 
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Figure 4.35: Release profile of diacerein and berberine HCl from the optimized 

transferosomes (formulation BDT-10) in phosphate buffer (pH 7.4). Data 

presents mean ± SD, n = 3. 

 

The most suitable kinetic model was selected based on its superior goodness of 

fit, as evidenced by the highest r2 value. Zero-order kinetics best described the 

release characteristics of diacerein and berberine HCl from optimized 

transferosomes, as demonstrated by the high r2 values of 0.9901 and 0.9850, 

respectively. Higuchi's correlation and linearity coefficient findings indicate 

that the drug release profiles are diffusion controlled. Peppas' model shows that 

the optimized formulation had a strong correlation with both berberine HCl (r2 

0.9834) and diacerein (r2 0.9893). This theory suggests that when the value of 

n is 0.43, the release of the drug is controlled by Fickian diffusion. Drug release 

is governed by non-Fickian (anomalous) diffusion when the value of n falls 

within the range of 0.43 to 0.85. In Case II transport mechanism is best 

described when the value of n is 0.85, indicating expansion of polymer matrix. 

Super-case II transport mechanism describes the release of drugs when the value 

of n exceeds 0.85. The investigation found berberine HCl (n value 0.6987) and 

diacerein (n value 0.8010), with n values ranging from 0.43 to 0.85. This 

indicates that the loaded drugs in the developed optimized transferosomes 

(formulation BDT-10) exhibited anomalous (non-Fickian) diffusion (Table 

4.5). 
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Table 4.5: Results of kinetic modelling of diacerein and berberine HCl release 

data from optimized transferosomes (formulation BDT-10) in phosphate buffer 

(pH 7.4). 

Kinetic model Diacerein Berberine HCl 

R k R K 

Zero order 0.9901 0.0767 0.9850 0.0710 

T-test 25.378 (Passes) 20.606 (Passes) 

First order 0.8831 -0.0019 0.9591 -0.0014 

T-test 6.786 (Passes) 12.224 (Passes) 

Korsmeyer-Peppas’ model* 0.9893 0.2890 0.9834 0.5171 

T-test 24.400 (Passes) 19.559 (Passes) 

Higuchi’s model 0.9461 2.2013 0.9407 2.0391 

T-test 10.530 (Passes) 10.002 (Passes) 

Hixson Crowell model 0.9688 -0.0004 0.9825 -0.0004 

T-test 14.094 (Passes) 19.034 (Passes) 

*n value of diacerein berberine HCl and are 0.8010 and 0.6987, respectively. 

 

4.3.9. Antioxidant activity  

The imbalance among body oxidants and anti-oxidant molecules leads to the 

formation of oxidative stress. This oxidative stress is further responsible for 

ROS (reactive oxygen species) generation. These ROS play a major role in 

psoriasis pathogenesis due to their significant effect on autophagy, apoptosis, 

and regeneration process (Plenkowska et al., 2020). It has been documented that 

berberine HCl and diacerein have anti-oxidant properties and can also scavenge 

the ROS (Abd-Ellatif et al., 2019; Wang et al., 2023). Even these therapeutic 

molecules have concentration-dependent manner property in suppression of 

ROS activity. Both berberine HCl and diacerein have high phenolic groups in 

their structure and can easily donate electrons that provide scavenging 

properties to them (Chukwuma et al., 2023). Moreover, berberine HCl has 
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potential to elevate the level of natural anti-oxidants that form inside body like 

catalase, glutathione peroxidase, and superoxide dismutase, and also suppress 

the level of glutathione and malondialdehyde oxidative stress markers 

(Ghavipanje et al., 2023). The optimized formulation showed an IC50 value of 

36.42 μg mL-1 in reference to ascorbic acid which depicted IC50 value of 14.2 ± 

0.1 μg mL-1. 

 

4.3.10. Ex vivo permeation studies  

The pig ear skin was used for ex vivo permeation studies for a duration of 6 

hours using the Franz diffusion assembly. According to the guidelines set by 

the OECD, pig skin is considered the most suitable substitute for human skin 

and is commonly used in in vitro studies for topical delivery (OECD 

EN/JM/MONO(2011)36). The optimized formulation demonstrated a 

cumulative drug permeation of 10.41 µg cm-2 for diacerein and 7.286 µg cm-2 

for berberine HCl. The flux observed for diacerein and berberine HCl was 

0.0462 μg cm-2 h-1 and 0.0224 μg cm-2 h-1, respectively. Furthermore, the 

permeation coefficient (Kp) for diacerein and berberine HCl was determined to 

be 4.62 cm h-1 and 2.24 cm h-1, respectively (Figure 4.36). 

 

Results indicate that both the deformability characteristic and the driving force 

of the osmotic gradient play a significant role in facilitating the penetration of 

transferosomes through the skin (Guillot et al., 2023). Transferosomes are 

required to traverse the stratum corneum, and drug partitioning occurs between 

the stratum corneum and the lipid portion of nanocarriers (Dhavale et al., 2021). 

Intercellular lipid destabilization and the improvement of stratum corneum 

fluidity are additional factors contributing to elevated skin permeation (Zeb et 

al., 2016). 
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Figure 4.36: Ex vivo permeation study results in pig skin (n = 3, mean ± SD). 

 

4.3.11. Raman analysis  

Raman spectra were utilized to ascertain the vibrational modes that are active 

in the target species. This investigation involved acquiring and comparing the 

Raman spectra of untreated pig ear skin, the optimized formulation, and pig ear 

skin treated with the optimized formulation. Raman signal can overlap and 

interfere due to the presence of chemicals. These compounds can generate 

intense fluorescence signals. This phenomenon is especially evident in intricate 

surroundings, such as the skin, where melanin effectively absorbs visible light. 

Based on the aforementioned point, samples were subjected to the experimental 

investigation at a wavelength of 785 nm, which falls within the near infrared 

area. At this wavelength, the fluorescence intensity significantly drops, 

facilitating the precise identification of peaks corresponding to Raman-active 

vibrational modes (Gomez et al., 2023). The optimized formulation showed a 

C=O peak at 1710 cm-1, which was expanded and displaced due to the presence 

of hydrogen bonding. NH group exhibited a peak at 3152 cm-1, while OH group 

showed a peak at 3318 cm-1. Furthermore, the Raman spectra of optimized 

formulation treated pig skin indicated the presence of C=O functional group at 

1714 cm-1. This functional group exhibited broadening and shifting due to H-

bonding, which was observed at 3154 cm-1 in the NH group and at 3326 cm-1 in 

the OH group, respectively (Figure 4.37). Optimized transferosome effectively 
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penetrated stratum corneum without causing any rupture due to its 

deformability. Raman spectroscopy analysis detected a reddish area in the pig 

skin, which can be attributed to the presence of erythrocytes and other blood 

components (Figure 4.38A). The optimized transferosomes successfully 

penetrated pig skin and were visually confirmed by their yellowish appearance 

(Figure 4.38B). Furthermore, the spectrum of the optimized formulation and pig 

skin treated with the optimized formulation exhibited G-band and D-band peaks 

at 1548 cm-1 and 1322 cm-1, respectively. 

 

 

Figure 4.37: Raman spectra of treated pig skin with optimized formulation 

(formulation BDT-10). 
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Figure 4.38: Results of Raman analysis: image of blank pig skin (A) and image 

of pig skin treated with optimized formulation (formulation BDT-10) (B). 

 

4.3.12. Skin irritation test  

Diacerein and berberine HCl-loaded optimized formulation (formulation BDT-

10) did not exhibit any irritation in the skin of male BALB/c mice model (Figure 

4.39) and no redness was observed in the erythema scores (Table 4.6). In 

summary, diacerein and berberine HCl-loaded optimized formulation was 

found safe and can be used for topical application. 
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Table 4.6. Results of erythema scores after application of normal saline and 

optimized transferosomes (formulation BDT-10) to the depilated dorsal skin of 

imiquimod-induced psoriatic BALB/c mice. 

Day 
Normal saline  

(Reference) 

Formulation BDT-10 

(Optimized formulation) 

1 0 0 

2 0 0 

3 1 1 

4 2 1 

5 3 0 

6 4 0 

7 4 0 

 

 

Figure 4.39: Results of skin irritation study in male BALB/c mice treated with 

Imiquad® cream. Image A and C depict mice treated with Imiquad® cream on 

day 0. Image B exhibits clear indications of change and redness in psoriatic mice 

that were treated with saline on the seventh day. Image D exhibits the absence 

of irritation or redness in psoriatic mice that were treated with optimized 

transferosomes on the seventh day. 

 

4.3.13. Stability study  

The optimized formulation (formulation BDT-10) did not exhibit any change in 

its physical appearance. No alteration in morphology (Figure 4.40 and Figure 
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4.41) was recorded at 4 °C and 25±2 °C. At the end of the 3-month stability 

study, the zeta potential values were within the acceptable range of ±30 mV 

(i.e., -25.4±1.8 mV at 4 °C and -27.3±0.4 mV at 25±2 °C) (Figure 4.42 and 

Figure 4.43). No significant change in particle size was recorded at 4 °C (111.9 

nm with 0.295 PDI) and 25±2 °C (114.1 with 0.292 PDI) (Figure 4.42 and 

Figure 4.43). This confirmed that there was no aggregation in the developed 

colloidal system. In the case of formulation stored at 4 °C, the entrapment 

efficiency of diacerein and berberine HCl was found to be 89.89±1.2% and 

88.86±1.3%, respectively. In case of the formulation stored at 25±2 °C, the 

entrapment efficiency of diacerein and berberine HCl was found to be 

89.06±0.6% and 88.11±1.4%, respectively. These entrapment efficiency results 

confirmed no drug leaching under both storage conditions. 

 

 

Figure 4.40: TEM image of optimized transferosomes (formulation BDT-10) 

stored at 4±1 °C for 3 months. 

 

Figure 4.41: TEM image of the optimized transferosomes (formulation BDT-

10) stored at 25±2 °C/ 60±5 % RH stored for 3 months. 
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Figure 4.42: Zeta potential and particle size distribution results of optimized 

transferosomes (formulation BDT-10) stored for 3 months at 4±1 °C. 

  

 

Figure 4.43: Zeta potential and particle size distribution results of optimized 

transferosomes (formulation BDT-10) stored at 25±2 °C/ 60±5 % RH for 3 

months. 



123 

4.3.14. In vitro cytotoxicity of transferosomes 

HaCaT cell lines are immortalized keratinocytes derived from human skin. The 

cytotoxic effect of optimized formulation was examined on HaCaT cell line via 

an MTT assay method. This assay determines cell viability by detecting 

mitochondrial enzymes in live cells. This enzyme reduces MTT dye into 

formazan crystals (purple color). The formation of formazan crystals is directly 

proportional to the viability of the cells, which is measured by an ELISA plate 

reader. Different concentrations (0.78, 1.56, 3.125, 6.25, 12.5, 25, and 50 

µL/mL) of the optimized formulation were subjected to HaCaT cell lines for 24 

hours for cytotoxicity analysis. The transferosomal formulation depicted an IC50 

value that did not converge even at the highest treated concentration (50 

µL/mL). Moreover, it was found that all tested concentrations did not 

significantly decrease cell viability (Figure 4.44). 

 

 

Figure 4.44: Results of cytotoxicity studies treated with optimized formulations 

at different concentrations: control (A), 0.78 µL/mL (B), 1.56 µL/mL (C), 3.125 

µL/mL (D), 6.25 µL/mL (E), 12.5 µL/mL (F), 25 µL/mL (G), and 50 (H).  
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4.4. IN VITRO EVALUATION OF OPTIMIZED TRANSFEROSOMES 

LOADED GEL 

4.4.1. Determination of optimized transferosomes loaded gel pH 

The pH range of normal skin lies between 4 to 6 (Tsegay et al., 2023). Dual 

delivery transferosomal gel formulation (BDTG) exhibited a pH of around 

5.4±0.4 with a homogenous appearance. Formulation BTG and DTG exhibited 

a pH value of 5.5±1.2 and 5.5±1.8, respectively, with a homogenous 

appearance. Thus, the pH of hydrogel formulations (formulation BDTG, BTG, 

and DTG) are acceptable for topical delivery. 

 

4.4.2. Rheological study 

 Rheological studies of transferosomes-loaded hydrogel formulations 

(formulation BDTG, BTG, and DTG) were carried to explore the rheological 

behavior of topical gel. Rheological behaviour of topical hydrogel formulations 

is associated with its spreadability and its contact time with the skin surface. In 

the present study, all the hydrogel formulations exhibited non-Newtonian 

properties, which was confirmed from a plot between shear rate (s-1) against 

shear pressure (Pa). The hydrogel formulation exhibited a pseudoplastic 

tendency, which is suitable for use in dermatological therapy since the limitation 

of formulation flow must be kept to a minimum when the gels are delivered 

under conditions of moderate to high shear (Figure 4.45). 

Figure 4.45. Shear stress versus shear rate results of optimized transferosomal 

hydrogels formulation. 
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Viscosity of the transferosomal hydrogel formulation decreased with an 

increase in shear rate (Figure 4.46). This means that hydrogel formulations 

(formulation BTG, DTG, and BDTG) demonstrated the shear-thinning process. 

The topical gel should exhibit this pseudoplastic behavior because it facilitates 

gel application to the skin's surface. This enables even distribution of gels with 

reduced force, leading to enhanced application (Jain et al., 2022). 

 

Figure 4.46. Results of rheological characterization of optimized 

transferosomal hydrogel formulation. 

 

4.4.3. Spreadability 

Spreadability experiment was conducted for transferosomal hydrogel 

formulations due to its significance in semisolid formulation. The spreadability 

values of transferosomal hydrogel formulations (formulation BTG, DTG, and 

BDTG) were determined to be 11.9 g cm sec-1, 11.1 g cm sec-1, and 9.8 g cm 

sec-1, respectively. These values indicate that these formulations are suitable for 

topical application even under minimal stress (Figure 4.47). Furthermore, all the 

gel formulations can effortlessly disperse throughout the skin in a small amount. 

Gels possess a significant ability to spread, enabling them to adhere to and 

permeate the skin effortlessly. Additionally, this property makes gels suitable 

for the sustained release of drugs (Bonacucina et al., 2004). 
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Figure 4.47: Spreadability profile of optimized transferosomal hydrogel 

(formulation BTG, DTG, and BDTG). n = 3, mean ± SD. 

 

4.4.4. In vitro release study and release kinetics  

The release profile of diacerein and berberine HCl from the transferosome-

loaded hydrogel formulation (formulation BDTG) was investigated in 

phosphate buffer (pH 7.4) using a dialysis bag. The formulation showed 

79.12±0.21 and 81.56±0.11% of berberine HCl released after 18 h and 24 h, 

respectively. Additionally, 82.45±2.41% and 88.44±2.11% of diacerein was 

released after 18 h and 24 h, respectively. The release data revealed that the 

transferosome-loaded hydrogel formulation demonstrated a sustained drug 

release profile for both the loaded bioactives, which can potentially enhance 

drug efficacy (Figure 4.48). 

 

Figure 4.48: Release profile of diacerein and berberine HCl from the optimized 

transferosome-loaded hydrogel formulation (formulation BDTG) in phosphate 

buffer (pH 7.4). n = 3, Mean ± SD. 
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In this study, zero-order kinetics best explained the release features of diacerein 

and berberine HCl from transferosomal hydrogel formulation, with r2 values of 

0.9743 and 0.9496, respectively. Higuchi’s plot indicated diffusion-controlled 

drug release profiles. In case of Peppas' model, transferosomes-loaded gel 

(formulation BDTG) exhibited linearity for both diacerein (r2 = 0.9968, n = 

0.7497) and berberine HCl (r2 = 0.9810, n = 0.9766). The n values of 0.43 < n 

< 0.85 shows anomalous (non-Fickian) diffusion of payloads (Table 4.7). 

 

Table 4.7. Results of kinetic modelling of diacerein and berberine HCl release 

data from optimized transferosomes loaded hydrogel (formulation BDTG) in 

phosphate buffer (pH 7.4). 

Kinetic model Diacerein Berberine HCl 

R k R k 

Zero order 0.9496 0.0830 0.9743 0.0748 

T-test 10.922 (Passes) 15.608 (Passes) 

First order 0.9492 -0.0020 0.9737 -0.0015 

T-test 10.872 (Passes) 15.409 (Passes) 

Higuchi’s model 0.9806 2.4448 0.9129 2.1264 

T-test 18.053 (Passes) 8.065 (Passes) 

Korsmeyer-Peppas’ model* 0.9968 0.4783 0.9810 0.0846 

T-test 45.126 (Passes) 18.225 (Passes) 

Hixson Crowell model 0.9952 -0.0005 0.9809 -0.0004 

T-test 36.766 (Passes) 18.229 (Passes) 

*n value of diacerein and berberine HCl are 0.7497 and 0.9766, respectively. 
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4.5 IN VIVO STUDIES 

4.5.1. Anti-psoriatic activity in mice model 

The psoriasis mouse model was developed using imiquimod, and the efficacy 

of the transferosomal gel was evaluated. IMQ causes hyperproliferation of 

keratinocyte and dendritic cells, develop psoriasis and other symptoms such as 

redness, swelling, and flaking skin. IMQ cream was applied for 6 days to the 

mice skin as part of this study. The induction of symptoms was observed on day 

three and continued to the sixth day. In addition, when psoriasis began to 

develop, the epidermal thickness gradually increased and showed erythema. 

The negative group and vehicle group showed significant scaling and 

inflammation. Additionally, the positive treated group (betamethasone) and the 

BDTG treatment group effectively reduced the scaling and erythema. These 

results indicated that dual delivery of diacerein berberine HCl reduces 

inflammation and erythema in psoriatic skin (Figure 4.49). 

 

4.5.2. Psoriasis area and severity index 

Psoriasis Assessment Scale (PASI) is a useful tool for assessing the efficacy of 

treatment and evaluating the progression of the disease at an early stage. The 

essential parameters, such as erythema and scaling, were graded on a scale of 0 

to 4. After the second day of disease induction, mice skin showed changes in its 

morphology by indicating erythema and fine scaling. On the 6th day, the 

negative control group displayed intense erythema and scaling. Vehicle treated 

group displayed similar erythema and high PASI scores. All the treatment 

groups showed disease improvement in comparison to the negative group. Body 

mass was decreased in all groups except control group, with a stronger effect in 

the negative control group and vehicle group (Figure 4.50).  
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Figure 4.49. Phenotypic changes in the BALB/c mice during the experimental 

period and therapeutic effect of optimized transferosomal hydrogel formulation. 
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Figure 4.50. Results of Psoriasis Area and Severity Index: scaling (A) and 

erythema (B). n = 5, mean ± SD. 

 

The body weight was measured in all groups during the study (Figure 4.51). 

The body weight was constantly increased in the control group from 0 to 6 days. 

Initially, the weight was slightly decreased in all groups except control group. 

From 4th to 6th day, the weight reduction was constantly observed in negative 

group and vehicle treated group. However, the weight was found increased in 

positive group (betamethasone treated), BTG, DTG, and BDTG treatment 
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groups from 4th to 6th day. Hence, the transferosomal loaded hydrogel 

formulation improved mice weight and depicted their therapeutic effectiveness. 

 

 

Figure 4.51. Effect of treatments on body weight of imiquimod induced 

psoriasis mice model. n = 5, mean ± SD. 

 

The spleen is the primary immunological organ of the human body and plays an 

important role in iron recycling and blood cell homeostasis. The normal average 

size of a human spleen is 10 cm in length and 150 g in weight, but immune 

disease alters the size and weight of the spleen. This enlargement of the spleen 

is also known as splenomegaly. It has been reported that splenectomy is 

responsible for the IL-17A mRNA increment in the IMQ-treated mice skin. 

Moreover, several body cells, such as neutrophils, macrophages, B cells, 

dendritic cells, and pro-erythroblast increase, leading to a higher spleen weight 

(McKenzie et al., 2018; Shinno-Hashimoto et al., 2022). In our study, the 

spleen/body weight ratio was calculated by dividing the spleen weight (dry 

weight)/ body weight to assess the dynamic body changes. In comparison to the 

control group, the negative group showed a significant increase in the 
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spleen/body weight ratio (p = 0.0061). The vehicle treated group showed no 

significant difference in spleen/body weight ratio in comparison to the negative 

group (p = 0.9080). In both BTG and DTG formulation treatment, there was a 

reduction in the spleen/body weight ratio in the negative group, and the changes 

were non-significant (for the BTG treatment group, p = 0.1105; for the DTG 

treatment group, p = 0.0710). While formulation BDTG treated and positive 

control groups showed a significant reduction in spleen/body weight ratio in 

comparison to the negative group (formulation BDTG treatment group p = 

0.0372 and positive group p = 0.0113) (Figure 4.52). 

 

 

Figure 4.52. Results of spleen weight to body weight ratio in BALB/c mice 

model. n = 5, mean ± SD. 
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4.5.3. Histopathology of dorsal skin lesions and spleen 

We carried out histopathological investigations in the dorsal section of skin 

samples to further confirm the anti-psoriatic effect of the optimized 

transferosomal formulation. The observations were done for architectural 

changes in the skin samples in various classified groups. The control group 

represented the normal skin epidermis and dermis. The negative control group 

represented psoriatic skin features such as hyperkeratosis (red arrow), 

acanthosis (yellow arrow), and inflammatory infiltrates (black arrow) (Figure 

4.53), while the vehicle groups also displayed similar psoriatic skin features 

(Figure 4.54). In comparison to a negative group, the positive group depicted a 

reduction in epidermal thickness (Figure 4.53). In addition, the BTG and DTG 

also showed a reduction in epidermis thickness and acanthosis, respectively 

(Figure 4.54). The optimized formulation showed a better reduction of 

epidermal thickness in comparison to BTG and DTG (Figure 4.55).  

 

These findings suggest that the developed formulation can effectively alleviate 

psoriatic symptoms in the IMQ-induced psoriatic animal model. The histology 

of the control spleen revealed white and red pulp, followed by a germinal center 

(Figure 4.56), indicating the effect on the spleen. The positive-treated group 

displayed a normal architecture (Figure 4.57). We observed white pulp 

hyperplasia and loss of germinal center in both the negative group (Figure 4.58) 

and the vehicle group (Figure 4.59). While the treatment groups BTG (Figure 

4.60), DTG (Figure 4.61), and BDTG (Figure 4.62) demonstrated a reduction 

of pathological features as mentioned earlier (Abdel-Maged et al., 2020).  
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Figure 4.53. Histopathological features of hematoxylin and eosin stained IMQ-

induced skin samples of psoriatic plaque BALB/c mice model (control, negative 

control, and positive control groups) (magnification 100X). 
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Figure 4.54. Histopathological features of hematoxylin and eosin stained IMQ-

induced skin samples of psoriatic plaque BALB/c mice model (BTG treated, 

DTG treated, and vehicle control groups (magnification 100X). 
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.   

Figure 4.55. Histopathological features of hematoxylin and eosin stained IMQ-

induced skin samples of psoriatic plaque BALB/c mice model (BDTG treated 

group) (magnification 100X).   

 

 

Figure 4.56. Histopathological features of hematoxylin and eosin stained IMQ-

induced spleen of psoriatic plaque BALB/c mice model (control group) 

(magnification 100X).   
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Figure 4.57. Histopathological features of hematoxylin and eosin stained IMQ-

induced spleen of psoriatic plaque BALB/c mice model (positive control group) 

(magnification 100X). 

 

 

Figure 4.58. Histopathological features of hematoxylin and eosin stained IMQ-

induced spleen of psoriatic plaque BALB/c mice model (negative control group) 

(magnification 100X). 
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Figure 4.59. Histopathological features of hematoxylin and eosin stained IMQ-

induced spleen of psoriatic plaque BALB/c mice model (vehicle control group) 

(magnification 100X). 

 

 

Figure 4.60. Histopathological features of hematoxylin and eosin stained IMQ-

induced spleen of psoriatic plaque BALB/c mice model (formulation BTG 

treated group) (magnification 100X). 
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Figure 4.61. Histopathological features of hematoxylin and eosin stained IMQ-

induced spleen of psoriatic plaque BALB/c mice model (formulation DTG 

treated group) (magnification 100X). 

 

Figure 4.62. Histopathological features of hematoxylin and eosin stained IMQ-

induced spleen of psoriatic plaque BALB/c mice model (formulation BDTG 

treated group) (magnification 100X).   

 

4.5.4. Determination of cytokines using ELISA 

Psoriasis is a multifactorial disease in which Th1 and Th17 cells play a major 

role and lead to the inflammation. These Th1 and Th17 cells are responsible for 

the release of the inflammatory cytokines IL-17, IL-22, IL-23, TNF-α, and IL-

2. These cytokines stimulate keratinocyte hyperproliferation and inflammation. 
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Moreover, psoriasis is a complex process; apart from Th1 and Th17 cells, some 

other factors such as NF-kB, STAT, dendritic cells, neutrophils, mast cells, and 

endothelial cells contribute directly and indirectly to psoriatic inflammation. 

Macrophage has a powerful role in psoriasis because it is directly associated 

with TNF-α and regulates IL-17A secretion during disease progression. These 

macrophages accumulate in the psoriatic skin and release various cytokines. 

 

Dendritic cells release cytokines and cause inflammation due to Toll-like 

receptor upregulation on their membrane. Imiquimod is a well-known drug that 

has been used for the treatment of solar keratosis, perianal warts, and genital 

warts. It has strong immune-stimulating properties. It is TLR7 and TLR8 

agonist, and its topical delivery in mice develops psoriasis via the IL-23 and IL-

17 cytokine axis, which is similar to human psoriasis. 

 

TNF-α and IL-17A play a major role in the pathophysiology of psoriasis. TNF-

α and IL-17A act synergistically in the hyperproliferation of keratinocytes, 

immune cell activation, and migration at the psoriatic lesions site, resulting in 

sustained chronic inflammation. Researchers have shown that targeting TNF-α 

and IL-17A subsides the psoriatic symptoms. Therefore, measuring TNF-α and 

IL-17A levels helps understand inflammatory conditions in psoriatic skin and 

determine the formulation's efficacy. A reduction in levels of these cytokines 

strongly shows that the formulated transferosomal gel was found effective in 

modulating the underlying immunopathogenesis of the psoriatic skin (Mosca et 

al., 2021, Leonardi et al., 2003). 

 

The negative group exhibited a 4.74-fold higher TNF-α level in comparison to 

the control group. However, no significant difference was observed between the 

vehicle group and the negative group. Formulation BTG and DTG-treated 

groups alleviated TNF-α levels by 1.6 and 1.5 folds, respectively, in comparison 

to the negative group. Formulation BDTG treated group showed remarkable 

alleviation of TNF-α by 2.1 folds. The positive group (bethamethasonate) 
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reduced TNF-α by 2.3 folds in comparison to the negative control group. Result 

clearly signifies that diacerein and berberine HCl dual delivery transferosomes 

effectively reduced TNF-α levels in psoriatic mice (Figure 4.63). 

 

Expression of IL-17A cytokine was not observed in the skin of the normal 

control mice. However, the negative control group showed a 6.0-fold increase 

in IL-17A levels compared to the control group. No significant difference was 

observed between the vehicle group and the negative control group. 

Formulation BTG and DTG treated groups reduced IL-17A levels by 2.9 and 

2.0 times, respectively, relative to the negative group. Formulation BDTG 

treatment group exhibited a 5.45-fold decrease in IL-17A levels. Similarly, the 

positive treated group (betamethasone) showed a 6.6-fold decrease in IL-17A 

level compared to the negative group (Figure 4.63). 

 

Statistical analysis revealed that the levels of TNF-α and IL-17A were much 

higher in the negative control group compared to the control group (p-value = 

0.0075 less than 0.01 for TNF-α and 0.0007 less than 0.005 for IL-17A). There 

was no significant difference in levels of TNF-α and IL-17A between the 

negative group and the vehicle group (for TNF-α, p-value = 0.1306 more than 

0.05, and for IL-17A, p-value = 0.0540 more than 0.005). Formulation BTG 

treatment showed a significant difference in TNF-α level (P-value 0.0296 less 

than 0.05) and IL-17A level (P-value 0.0017 less than 0.01) in comparison to 

the negative group. Similarly, animals treated with formulation DTG showed a 

significant difference in TNF-α level (P-value 0.0456 less than 0.05) and IL-

17A level (P-value 0.0031 less than 0.01) in comparison to the negative group. 

In addition, BDTG treatment group also showed a significant difference in 

TNF-α level (P-value 0.0191 less than 0.05) and IL-17A level (P-value 0.0013 

less than 0.01) in comparison to the negative group. Also, betamethasone treated 

group showed a big difference in TNF-α levels (P-value 0.0158 less than 0.05) 

and IL-17A levels (P-value 0.0009 less than 0.005) compared to the negative 

group. 
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Freag et al., reported that berberine-loaded liquid crystalline hydrogel 

effectively permeated and retained the drug in the mouse skin, reducing 

psoriatic symptoms by alleviating IL-17 and IL-23 cytokine levels in the animal 

model (Freag et al., 2019). Diacerein reduces the effects of IL-1α and IL-1β in 

keratinocytes, suppressing the expression of pro-inflammatory genes. 

Additionally, it has the potential to alleviate skin inflammation and 

splenomegaly associated with psoriasis by reducing the number of CD11c+ 

dendritic cells in the skin. Our study shows that diacerein and berberine HCl-

loaded dual delivery transferosomal hydrogel has powerful anti-inflammatory 

effects on psoriasis. These effects include reducing the size of psoriatic lesions 

and erythema, and reduction of inflammatory cytokine levels. 

 

 

Figure 4.63. Results of ELISA assay to determine cytokine levels in in psoriatic 

BALB/c mice treated with developed formulations (BTG: berberine HCl loaded 

transferosomal hydrogel, DTG: diacerein loaded dual delivery transferosomal 

hydrogel, BDTG: diacerein-berberine HCl loaded transferosomal hydrogel).  

n = 3, mean ± SD.  
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CHAPTER 5 

CONCLUSION 
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CONCLUSION 

Psoriasis is an autoimmune and multifactorial disease characterized by 

hyperkeratosis, lesion formation, and inflammation of the skin. It affects almost 

2-3% of the total world population. Topical therapy offers better therapeutic 

outcomes for psoriasis management in comparison to oral and systemic therapy. 

The thesis aimed to develop dual delivery transferosomes loaded with diacerein 

and berberine HCl for topical delivery, which would provide sustained-release 

therapeutic outcomes for psoriasis management. Transferosomes were 

incorporated into a hydrogel system for topical application. Berberine can show 

anti-inflammatory properties by reducing pro-inflammatory and inflammatory 

cytokine levels. Diacerein also has anti-inflammatory properties and can reduce 

psoriasis-associated splenomegaly. 

 

Box-Behnken design was used to optimize the effect of various independent 

variables (amount of edge activator, amount of phosphatidylcholine, and 

sonication cycles) on the dependent variables (entrapment efficiency and 

particle size). The formulation was optimized with a desirable particle size 

(minimum) and entrapment efficiency (maximum) acceptable for topical drug 

delivery. The optimized formulation had high encapsulation efficiency and 

exhibited the desired deformability properties. TEM analysis showed spherical 

shape of optimized transferosomes. AFM confirmed surface roughness of the 

particles, which offers a high surface area. This would be helpful in the 

endocytosis process for cellular uptake. In vitro analysis revealed that the 

optimized formulation depicted sustained release delivery of drugs, which may 

be advantageous in dosage regimen (minimum dose with reduced dosing 

frequency). The optimized formulation enhanced skin penetration of drugs due 

to its deformable property in ex vivo permeation studies that were performed 

using pig ear skin. Raman analysis confirmed the permeation of loaded drugs in 

pig ear skin. DPPH assay confirmed antioxidant activity of the formulation. 

HaCaT cell line cytotoxicity analysis performed using MTT revealed 

formulation safety and non-toxicity. 
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 The optimized transferosome-loaded hydrogel formulation showed no skin 

irritation and was found stable. In the psoriatic BALB/c mice model, the 

hydrogel formulation demonstrated a reduction in erythema and scaling. The 

histology of the skin samples revealed a reduction in acanthosis and a decrease 

in epidermis thickness. As shown by the enzyme-linked immunosorbent assay 

(ELISA), the hydrogel formulation effectively reduced inflammation by 

lowering the amounts of IL-17A and TNF-α. Thus, co-delivery of diacerein and 

berberine HCl via transferosomes containing hydrogel formulation had 

excellent therapeutic potential in the psoriatic BALB/c mice model due to 

enhanced epidermal penetration and prolonged local residence time. 

 

Future research necessitates clinical investigations of the developed nanocarrier 

to validate its anti-psoriatic efficacy. The developed transferosomal gel warrants 

further investigation in human subjects to validate its clinical application in the 

management of psoriasis. This will facilitate the comparison of preliminary 

results from animal studies with the anti-inflammatory effects observed in 

human subjects. Furthermore, clinical studies will assess the efficacy of the 

developed formulation across various skin types in diverse populations. This 

will be helpful in comprehending potential side effects and tolerance of 

therapeutic molecules in formulations designed for extended use in psoriatic 

patients. 

 

The anti-inflammatory properties of these transferosomes may be useful to other 

dermatological conditions, including eczema, dermatitis, and acne. Optimized 

transferosomes may act as template carriers for the delivery of various synthetic 

and natural molecules targeting multiple diseases. Transferosomes exhibit 

deformability, allowing them to effectively permeate the blood-brain barrier and 

facilitate drug delivery to targeted disease sites. Diacerein and berberine HCl-

loaded transferosomes necessitate further investigation for their potential in 

brain delivery aimed at treating neurodegenerative diseases. The formulated 

transferosome exhibited anti-inflammatory properties. Therefore, it may be 

utilized to address neuroinflammation. This represents a significant research 
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gap that warrants exploration of the combinational therapy of berberine HCl and 

diacerein for brain disorders. This would facilitate the expansion of clinical 

application horizons. This research scheme indicated that the combination of 

berberine HCl and diacerein improved the anti-psoriatic effect in the psoriatic 

BALB/c mice model compared to the use of a single drug. The findings of this 

study will assist the pharmaceutical industry in developing novel formulations 

of berberine HCl and diacerein for psoriasis treatment. 
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List of chemicals and their sources 

Chemicals Source 

Berberine HCl Yarrow Chem Products, Mumbai, India 

Diacerein Yarrow Chem Products, Mumbai, India 

Methanol Sigma Aldrich, MA, United States 

Chloroform Sigma Aldrich, MA, United States 

Sodium deoxycholate SD Fine Chemicals, Mumbai, India 

Phosphatidylcholine SRL Chemicals, Mumbai, India 

Sodium hydroxide SRL Chemicals, Mumbai, India 

Potassium dihydrogen phosphate SRL Chemicals, Mumbai, India 

Dialysis membrane (MWCO 12000 Da) Hi-Media Laboratory, Mumbai, India 

Ethanol (EtOH) Sigma-Aldrich, MA, United States 

Hematoxylin Sigma-Aldrich, MA, United States 

DPPH Sigma Aldrich, MA, United States 

Imiquimod cream Imiquad® cream, Glenmark Pharmaceuticals, 

Mumbai, India 

Betnovate cream 0.01% Glaxo SmithKline Pharmaceutical Limited, 

Bangalore, India 

Formalin SRL Chemicals, Mumbai, India 

ELISA kit R&D Systems, Minneapolis, United States 

Streptavidin-HRP solution Hi-Media Laboratory, Mumbai, India 

Tetramethylbenzidine solution Hi-Media Laboratory, Mumbai, India 

HaCaT cell line NCCS, Pune, Maharashtra, India 

Dimethylsulfoxide (DMSO) Sigma-Aldrich, MA, United States 

DMEM medium Himedia, Mumbai, India 

Penicillin Sigma-Aldrich, MA, United States 

Streptomycin Himedia, Mumbai, India 

Trypan blue solution Himedia, Mumbai, India 

Trypsin-EDTA solution Himedia, Mumbai, India 

Fetal bovine serum (FBS) Thermofischer Scientific, MA, United States 

Amphotericin B Himedia, Mumbai, India 
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List of instruments and their sources 

Instrument Source 

Sonicator Hielscher, Germany 

Lyophilizer Christ, Germany 

Centrifuge REMI C-24 PLUS, Mumbai, India 

UV Spectrophotometer UV-1900 Shimadzu, Japan 

Zetasizer Litesizer 500, AntonPaar, Austria 

Malvern Particle Size Analyzer Malvern Instruments, United 

Kingdom 

Frontier FT-IR/FIR Norwalk, United States 

X-ray Powder Diffractometer Bruker, United States 

Thermal Gravimetric Analysis Shimadzu, Japan 

HR-TEM JOEL, Japan 

Atomic Force Microscopy (AFM) Liestal, Switzerland 

Raman Spectrometer Rinztech Nz Ltd., New Zealand 

Rheometer Anton Paar Pvt. Ltd., Germany  

Digital Microscope BT-E Cilika microscope by 

Medprime Technologies Pvt Ltd, 

Maharashtra, India 

Rotatory Evaporator DLAB-RE Pro 100, Thermo Life 

Sciences, Mumbai, India 

-20 °C Deep Freezer ULT-185, REMI, Mumbai, India 

USP Type II Dissolution Apparatus Electro Lab, Mumbai, India 

CO2 Incubator REMI, Mumbai, India 

Tissue Homogenizer REMI Electro Kinetic Ltd., Mumbai, 

India 
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Software Source 

Design Expert Software StatEase®, Minneapolis, Minnesota, USA 

PCP Disso V3 Software PCP, BVDU, Pune, India 

Origin Pro OriginLab, Northampton, Massachusetts, USA 

GraphPad Prism 8.0.2 

Software 

GraphPad Software, San Diego, California, USA 


