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Double-Loaded Liposomes Encasing Umbelliferone
in Hydroxypropyl-p-Cyclodextrin Inclusion Complexes: Formulation,
Characterisation and Investigation of Photoprotective Activity

Double-loaded liposomes are a system in which a drug is incorporated in the vesicle lipid layers after aqueous
phase inclusion complexation to form a drug-in-cyclodextrin-in phospholipid vesicles complex. Umbellifer-
one (UMB) is a naturally occurring coumarin used as a photoactive agent because of its UV light absorption
ability. In this study, the double loading (DL) technique was used to encapsulate “UMB in hydroxy propyl-p-
cyclodextrin (HP-B-CD)-in-liposomes (UMB-CDLP)”. This led to the creation of “double-loaded liposomes
encasing UMB in HP-B-CD (DL-UMB-CDLP)”, specifically developed to combine the power of solubilisa-
tion of HP-B-CD with the sustained release characteristics of phospholipid vesicles to improve solubility and
dissolution profile. HP-B-CD and UMB inclusion complexes prepared by different methods were character-
ized by FTIR spectroscopy, DSC, saturation solubility, x-ray diffractometry, and scanning electron microsco-
py. DL-UMB-CDLP was developed using a thin film/lipid hydration method and a Box-Behnken design and
was assessed by TEM, in-vitro diffusion studies and biological evaluation. The optimized DL-UMB-CDLP
formulation demonstrated promising results, indicating the development of a stable composition. Animals
treated with the DL-UMB-CDLP gel and exposed to the immediate irradiation protocol proved the UMB’s
ability to protect against UV-induced oxidative damage based on the amount of antioxidant enzymes estimat-
ed to be present in rat skin.

Keywords: Umbelliferone, double-loaded liposome, inclusion complex, photoprotective activity, photoactive
agent, irradiation protocol, drug-in-cyclodextrin, drug-in-phospholipid

Introduction

Numerous studies have been established on different plant secondary metabolites for their medicinal
properties and general health-promoting potential using phytochemical and phytopharmacological research.
However, their limited solubility in lipophilic solvents and hydrolytic instability at various physiological pH
levels restrict their topical and oral absorption through the lipoidal biological membrane, which can be over-
come by their structural modifications, phospholipid complexation, as well as the use solubility and bioavail-
ability modifiers [1].

Cyclodextrins (CDs) are cyclic oligosaccharides derived from starch and their abridged cone shape with
hydrophobic cavity and exterior hydrophilic surface allows them to form inclusion complexes with lipophilic
drugs, which is a crucial factor to enhance their solubility and stability. Moreover, modified CDs, such as
2-hydroxypropyl-a/p/y CD, enhances drug-binding abilities and solubility [2].

Liposomes, phospholipid vesicles, serve as a drug delivery strategy to enhance loading capacity, stabil-
ity, sustained-release pattern and encapsulation of hydrophilic and lipophilic molecules resulting in better
bioavailability [3]. There are situations where the molecule or molecules to be trapped are incompatible with
the vesicles formation, and the addition of lipophilic molecules to vesicle lipid bilayers can negatively affect
the bilayer development and ultimately their stability. In therapy, increasing phospholipid levels to support
higher drug concentrations may not be possible for obvious reasons [4, 5]. McCormack and Gregoriadis [6]
developed a drug-in-cyclodextrin-in phospholipid vesicle system, also known as double-loading (DL) of the
drug, by incorporating a drug into the vesicle lipid layers following aqueous phase inclusion complexation
[6, 7]. Several reports employing DL of curcumin [2], lycopene [5], paclitaxel [8], quercetin [9], etc., in
B-CD have confirmed their enhanced stability and bioavailability.

34 ©2025 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)



Double-Loaded Liposomes Encasing Umbelliferone ...

Acute and long-term inflammatory alterations such as erythema, immunosuppression, photoaging, and
carcinogenesis are caused by exposure to ultraviolet (UV) radiation, which also damages the skin clinically
and histologically [10—12]. Extrinsic ageing or photoaging (a term describing skin aging caused by cumula-
tive solar UV radiation) is a complex biological process that affects the skin’s structural integrity and physio-
logical activity. Long-term exposure of the skin to solar UV radiation increases free radicals and reactive
oxygen species (ROS), triggering signaling pathways and facilitating inflammatory reactions through in-
flammatory cytokines like tumor necrosis factor (TNF-a) and interleukins (IL) of types 1 (IL-1) and 6 (IL-6)
[13—15]. Furthermore, oxidative stress is also caused by high levels of ROS. The redox equilibrium cannot
be maintained in this situation due to the inadequacy of natural antioxidant defence systems such as the en-
zymes superoxide dismutase and catalase. Consequently, excess ROS are associated with the skin aging pro-
cess and have harmful effects on the body [16—18].

The use of dermatological preparations with UV filters is considered the most effective cosmetic strate-
gy to counteract the negative effects of UV radiation [19, 20]. However, they are useless in providing com-
plete protection due to their failure to tackle the biochemical processes leading to UV-induced tissue damage
[12]. Furthermore, concerns about the ecological and human safety of filters are pushing the scientific com-
munity to look for new options [21, 22]. Plant-derived anti-inflammatory and radical scavengers are proven
as promising photoprotective agents against UVA-UVB radiation damage [23, 24].

Umbeliferone (UMB), 7-OH hydroxycoumarin, is a yellowish-white crystalline compound found abun-
dantly in plants, belongs to the Apiaceae family and a few other species, such as Hieracium pilosella (Aster-
aceae) and Hydrangea macrophylla (Hydrangeaceae) [25]. A hydroxyl group of UMB interact with phospha-
tidylcholine’s polar choline group to form a UMB-phospholipid complex. Since UMB offers the necessary
qualities, the current study formulates it as a UMB-in-cyclodextrin-in phospholipid complex (UMB-CDLP)
to enhance its solubility, permeability, antioxidant activity, and decisive photoprotective action. The main
goal was to protect UMB from oxidation, heat and light. It has been suggested that this complex formation
stabilizes the trapped molecule against various chemical attacks [6, 7]. The aim of this study was to create a
UMB-in-CD-in-phospholipid vesicles that would combine the sustained-release pattern of phospholipid ves-
icles with the solubilizing ability of -CD. Further, the study extends toward incorporating DL-UMB-CDLP
into a semi-solid vehicle to design a final gel formulation for topical application.

Experimental

Materials

UMB was purchased fromTokyo Chemical Industry (TCI), and its purity was >98 %. A gratis sample of
Phospholipon@90H (PL90H) was acquired from Lipoid Germany. The cholesterol used was of analytical
grade and was supplied by Molychem, Mumbai. The ethanol used was of laboratory grade. The other rea-
gents and chemicals were all analytical grade. The assay kits for antioxidant marker enzyme estimation were
purchased from Elabscience USA.

Methodology

Preparation of UMB-f-CD Molecular Inclusion Complexes
Four different methods were used to prepare the UMB-B-CD molecular inclusion complex.

Physical Mixture Method

The necessary molar ratios (1:1, 1:2, and 1:3) of hydroxy propyl-p-cyclodextrin (HP-$-CD) and drug
UMB were weighed and combined separately in a mortar by trituration for 5 min. After passing through a
#40 sieve, the mixtures were kept in an airtight container until they were needed again [26].

Kneading Method

Precisely weighed molar amounts of each HP-B-CD were mixed with a moistening agent consisting of
distilled water and ethanol (1:1). Molar amounts of the drug were added with continuous grinding. The con-
sistency of the pastes was maintained during the 1 hour grinding process using the required amount of mois-
tening agent. Finally, these pastes were dried for 24 hours at 55 °C in a hot air oven. After passing the dried
pastes through sieve #40, the leftover mass was gathered and kept in airtight containers until needed
again [27, 28].
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Solvent Evaporation Method

Distilled water was used in this method to dissolve the drug and HP-B-CD. The resultant mixture was
vacuum evaporated at 55 °C stirring for 24 hours to obtain a pure solution. After being dried, the material
was pulverised to a powder and run through a sieve #40 [26].

Co-Evaporation Method

To obtain a solid powdered inclusion complex, this technique involves separately dissolving the drug
and HP-B-CD in two mutually miscible solvents, such as ethanol and water, respectively, mixing the two
solutions to create a molecular dispersion of the drug and complexing agents, and then vacuum evaporating
the solvent. After stirring the mixture for an entire day, it was vacuum evaporated at 55 °C. After being pul-
verised, the dried mass was run through a sieve #40 [2, 27, 28].

Optimization of UMB-S-CD Molecular Inclusion Complex
The percent yield was determined to find the best inclusion complex method and was estimated using
the following formula:

Percent yield = Practical mass x100% .

Theoretical Mass ( Drug+ Carrier)

Drug content was estimated with the help of the reported methods using UV spectrophotometer at
345.5 nm. The detailed procedures are presented in the Supplementary Materials file [29].

Dissolution Studies

Each inclusion complex sample equivalent to 10 mg of UMB was subjected to a dissolution test using
Dissolution Test Apparatus USP (Type—II). A comparable dissolution test was performed using 10 mg of
pure UMB as a control. The dissolution medium had a volume of 500 mL and consisted of PBS 7.4. The ap-
paratus was operated after adding an inclusion complex equivalent to 10 mg of UMB to the dissolution me-
dium (PBS 7.4). The temperature was held at 37 £ 0.5 °C while the stirring speed was set at 50 rpm. 5 mL
aliquots from the dissolution medium were removed using a 0.45 um membrane filter (Ustar LB, USA) at 1,
3,5,7,10, 12, 15, 20, 25, 30, 45, and 60 min. An equal volume of the freshly prepared dissolution medium
was then added. Spectrophotometric measurements using a UV-visible spectrophotometer (Shimadzu,
UV-2700) of UMB concentrations at 324.5 nm were performed using the standard curve’s regression equa-
tion generated in the same medium. Three duplicates of each experiment were performed and the mean value
was determined [28].

Characterisation of Optimized UMB-p-CD Molecular Inclusion Complex

The physicochemical characterisation [5, 28, 30-33] of the plain drug, PL90H, cholesterol, HP-3-CD,
physical mixture (PM) and inclusion complex was carried out using various techniques such as FT-IR anal-
yses (FTIR spectrophotometer IR Affinity-1S, Shimadzu), saturation solubility analysis, Differential Scan-
ning Calorimetry (DSC) analysis (TA Instruments, Q20, USA), X-ray diffraction (XRD) analysis (D2 Phas-
er, Bruker AXS, USA), Scanning electron microscopy (SEM) (JEOL Mode Japan JSM 6390LV) at Univer-
sity Science Instrumentation Center (USIC), Goa University, Goa. The detailed procedures for all the anal-
yses are given in the Supplementary Materials file.

Formulation Development of DL-UMB-CDLP- QbD Approach

DL-UMB-CDLP was prepared using film/lipid hydration methodology and the quality-by-
design (QbD) approach. The required lipids (PL90H : cholesterol) were taken in different molar ratios (5:5,
7:3, 9:1) along with C5 complex (Table S3) equivalent to 100 mg of UMB and dissolved in ethanol. The ob-
tained organic solvent was slowly removed using a rotary evaporator at 37 °C £ 2 °C. The lipid film deposit-
ed on the flask’s inner walls was hydrated by adding 10 mL of PBS (pH 7.4). The obtained liposome suspen-
sion was subjected to stirring on a magnetic stirrer for 3 hours at the required RPM (600, 800, 1000 rpm) and
then probe was sonicated for 10s on and 5s off pulse for 5 min at 40 % amplitude. Subsequently, centrifuga-
tion (15000 rpm, 4 °C, and 30 min) was performed to separate the pellet from the suspension. The liposomal
suspension was stored in glass vials [5].
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Table 1
Coded level and Real values for each factor under study for DL-UMB-CDLP formulations

Variables | | Le(;/ cl | 11
Independent Real Values
PL90H : Cholesterol (X1) 5:5 7:3 9:1
Lipid : Drug (X2) 1:1 2:1 3:1
Stirring Speed (X3) 600 800 1000
Dependent: Entrapment Efficiency and Particle Size

StatEase Inc's Design Expert software (version 10) was used for the design experiments. Three factors
and three levels of Box-Behnken design were used to carry out the optimization. This study employed a 3°
randomised full factorial design employing PL90H : Cholesterol ratio (X1), Lipid : Drug ratio (X2), and stir-
ring speed (X3) to determine the effect of those three independent factors on entrapment efficiency and parti-
cle size (Table 1). Three levels, numbered +1, 0, and —1, were used to test each component. F-statistics were
utilised to assess the response [34]. Variables in the model were deemed significant if their p-values were
higher than 0.05. The association between the responses and independent variables was ascertained utilising
two-dimensional contour plots [5].

Evaluation of the DL-UMB-CDLP

Entrapment Analysis

An indirect method of entrapment analysis was carried out to calculate the entrapment efficiency of a
drug. The entrapment efficiency was determined after centrifugation of DL-UMB-CDLP suspension at
15000 rpm, at 4 °C for 30 min. A solvent in which the drug is highly soluble, but the complex is not, was
used to separate the unentrapped drug fraction. The free drug was estimated by UV analysis. Based on the
absorbance range, the formulation batches were dispersed in 10 mL of ethanol; further dilutions were made
in PBS 7.4. The UV absorbance was determined at 324.5 nm for DL-UMB-CDLP [25, 35]. The formula giv-
en below was used to assess entrapment efficiency:

Total Drug —Free Drug <100

Entrapment Efficiency = %.

Total Drug

Particle Size and Zeta Potential Analysis

The prepared liposomal complex’s particle size was determined using photon correlation spectroscopy
with dynamic light scattering on a Zetasizer® nano (Malvern, ZSU3100) fitted with a 5 mW Helium-Neon
laser with an output wavelength of 633 nm. Measurements were made with a runtime of at least 40 to 80 s, at
a 90° angle, and at 25 °C. Smoluchowski’s equation was used to determine the zeta potential based on the
electrophoretic mobility of liposomes [36].

Differential Scanning Calorimetry (DSC) Analysis

One of the most well-known calorimetric techniques for studying solid-phase interactions of drugs with
polymers is DSC. The optimized formulation and pure drug samples were heated in aluminum pans with flat
bottoms between 70 °C and 320 °C at a constant rate of 10 °C per minute by employing alumina as a refer-
ence standard in a differential scanning calorimeter [28].

Photomicroscopy

A droplet was covered with a cover slip and set on a slide after the formed complex was suspended in
distilled water. The photomicrographs were obtained using a microscope (Model: DM 2500, Leica Microsys-
tems, Germany) under 20X magnification. The study was conducted using an optical microscope equipped
with a camera [37].

Transmission Electron Microscopy (TEM)

A TECNAI 12 G2 TEM was used for the TEM analysis, a versatile 120 kV TEM suitable for all sam-
ples. Surface morphology was determined using TEM. A dilution of 20 uL. of the sample in 6 mL distilled
water was made, and 2 uL of the sample was coated on a copper-carbon grid and dried under an IR lamp for
5 min. Negative staining was performed with phosphotungstic acid, dried and analysed under TEM [37, 38].
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In Vitro Drug Release Study

The in vitro drug release was carried out using the dialysis bag technique. To eliminate preservatives,
distilled water was used to soak the dialysis membrane at room temperature, rinsed with distilled water once
more, and then soaked in phosphate buffer saline (PBS) of pH 7.4. A dialysis bag (dialysis membrane-110,
molecular weight cut off 12000) was filled with 1 mL of DL-UMB-CDLP suspension, equivalent to 10 mg
of the drug. The bag was then hermetically sealed and submerged in 50 mL of PBS (pH 7.4) and ethanol in a
4:1 ratio. Using a magnetic stirrer, the medium was continuously stirred at 150 rpm while maintaining a tem-
perature of 37 + 0.5 °C and replacing a 5 mL sample at specified intervals to maintain the sink condition. UV
spectrophotometric analysis using a UV-visible spectrophotometer (Shimadzu, UV-2700) at 324.5 nm meas-
ured the released drug. Lastly, Zero order, First order, Higuchi’s equation, and Peppas-Korsmeyer four mod-
els were employed to evaluate the kinetics of the drug release [5].

Preparation of DL-UMB-CDLP Liposomal Gel

Four batches of the gel formulations were prepared by varying the concentration of Carbopol 934 from
1.0 %, 1.5 %, 2.0 % and 2.5 % for batch B1, B2, B3 and B4, respectively. Distilled water was used to soak
the proper amount of Carbopol 934 for the entire night. In a beaker, 10 mL of distilled water was utilised to
dissolve methyl and propylparaben (0.1 % and 0.01 %, respectively), and Carbopol 934P was added while
being constantly stirred. The optimized formulation of DL-UMB-CDLP (1.0 %) was introduced into the
mixture. Polyethylene glycol (PEG) 400 (2.5 %) was later added to the dispersion and mixed with triethano-
lamine to form a gel. Glass ointment bottles were used to hold the prepared gel, which was then kept at room
temperature (Table S1 in the Supplementary Materials file) [37].

Evaluation of Gel

pH, Visual Inspection, Homogeneity and Grittiness

The pH of each gel was measured using a pH meter. The results were recorded after two minutes of
dipping the electrode in a gel at 27 °C [39]. Visual assessments were conducted on all prepared gel batches
to assess their organoleptic qualities, such as color, texture, consistency, and physical appearance [40]. Every
gel formulation was tested by rubbing a tiny amount of the gel on the back of the hand and pressing it be-
tween the thumb and index finger [41]. Every batch of prepared gel was examined under a microscope to
check for the presence of particles [42].

In Vitro Diffusion Study of Gel

The Franz-diffusion cells were used in the in vitro release investigation. The dialysis membrane was
immersed in phosphate buffer (pH:6.8) for the entire night. 1g of gel was applied to the donor compartment,
and 50 mL of phosphate buffer pH 6.8 was added to the receptor compartment. To maintain homogeneity,
the mixture was constantly stirred at 150 rpm using a magnetic stirrer at 37 £ 0.5 °C and replenished with a
5 mL sample with an equal amount of freshly prepared buffer to maintain the sink condition, followed by
spectrophotometric analysis at 324.5 nm [37].

Stability Studies

Stability assessments in this study were conducted at 4 °C =1 °C / 45 %RH, room temperature
(25°C £ 1°C /65 %RH), and 40 °C £ 1 °C /75 %RH for a specified duration ranging from 0 days to 30 days
to 90 days for the optimized formulations. The liposomal suspension was stored in 20 mL sealed vials. Peri-
odically, samples were taken out and examined for zeta potential, polydispersity index (PDI), and particle
size. Analysis was done on the optimized DL-UMB-CDLP gel formulation’s pH, drug content, drug release,
and viscosity. ANOVA was used for statistical analysis and validation of this data [43].

Biological Evaluation

Animals

To evaluate the UV-protective properties of the double-loaded liposomal formulation as a gel, healthy
Wistar rats weighing 150-200 g, both male and female, were acquired from the central animal house and
housed under standard conditions (2025 °C /5565 % RH). During the seven days before the experiment,
the rats were acclimated to their new surroundings in plastic cages with readily accessible water ad libitum
and rat feed. They were also kept at the proper humidity and temperature. All the experiments were conduct-
ed per the Institutional Animal Ethical Committee’s standard guidelines (Approval no.
GCP/IAEC/2023/12) [25, 39].
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Ex Vivo Skin Permeation

The rat skin was prepared for ex vivo permeation studies using a Franz diffusion cell (Perme Gear
Standard Jacketed Franz cell USA) as per the reported method [25]. The rat skin was placed on the Franz
diffusion cell in the proper orientation, with the dermal side confronting the receptor compartment filled with
buffer and the stratum corneum side towards the donor compartment. Using a magnetic stirrer, the cell was
continuously stirred at 37 £+ 0.5 °C. Following that, 1 mL of the optimized DL-UMB-CDLP gel preparation
and the standard UMB gel (0.1 %) that had been prepared in a similar way were applied evenly to the skin in
the donor compartment. After specified intervals, 1 mL sample was withdrawn from the receptor compart-
ment by maintaining the sink condition and analysed spectrophotometrically at 324.5 nm. A comparison was
made between the double-loaded liposomal gel’s skin penetration and the plain gel [25, 30].

Primary Skin Irritation Studies

Wistar albino rats (» = 6) were used in the skin irritation investigation of the prepared formulation. A
4 cm? area was marked after each rat’s back hairs were clipped off with a trimmer. Rats (n = 6) were allocat-
ed at random to one of three categories: Group I: Control (received no drug in gel base), Group II: received
UMB treatment in gel base and Group III: treated with optimized DL-UMB-CDLP loaded gel. The control
and gel formulations were used for seven days in a row. Before administering each dose, the rat skin was
cleansed, and for seven days, it was observed for any reactions, including erythema and edema [39, 44, 45].

Assessment of the Photoprotective Capacity of the Optimized DL-UMB-CDLP Gel Against UV Expo-
Sure

The UV lamp (Philips, India; TL 128 W, 315-400 nm; peak radiation at 370 nm) was used. A trimmer
shaved a defined region on the rat’s dorsal surface (2x3 ¢cm?). To find and eliminate rats exhibiting aberrant
hair growth or a reaction to depilation, the rats were monitored for 48 h. Rats in this study were exposed to
UVA for 20 min (610 mJ/cm?; 4.42 times MED).

The experimental rats were divided into six groups (G1-G6). The rats’ marked shaved area was covered
with a thin, even layer of gel formulation. Animals in the control (G1) and UV A-irradiated (G2) groups re-
ceived a placebo gel formulation. The UMBI1 (G3) and UMB2 (G4) groups were given a standard UMB gel
that contained 0.1 % medication. DL-UMB-CDLP. gel, which includes a liposomal formulation equal to
0.1 % drug, was applied to the DL-UMB-CDLP1 (GS5) and DL-UMB-CDLP2 (G6) groups. After topical ap-
plication, the UV A-irradiated, UMB1 and DL-UMB-CDLP1 groups were immediately exposed to UV radia-
tion for seven consecutive days. Following a 4 hours topical treatment, the G4 and G6 groups were subjected
to UV light for 7 days (Table S2 of the Supplementary Materials file). All the rats were sacrificed using the
cervical dislocation method on the eighth day. The skin’s UV-exposed area was quickly removed in ice-cold
saline, followed by homogenate preparationat 0.1 M PBS (pH 7.4) [25].

Estimation of Antioxidant Marker Enzymes in Cutaneous Tissue

The rat skin (2x3 cm?) was cleaned in ice cold saline and sliced into small pieces, followed by immedi-
ate homogenisation. Further, a 10 % w/v skin tissue homogenate supernatant was obtained by centrifugation
and assayed using kits of Elabscience US per reported methods for the estimation of the antioxidant marker
enzymes reduced glutathione (GSH), superoxide dismutase (SOD), thiobarbituric acid reactants (TBARS),
lipid peroxidation (LPO) and catalase (CAT) [24, 25].

Statistical Analysis

Except for the estimation of antioxidant enzyme levels in rat skin, which was done using mean + stand-
ard error of means (SEM), all data were presented as mean + standard deviation (SD). GraphPad Prism soft-
ware was used to conduct the statistical analysis, using a one-way analysis of variance (ANOVA) and Dun-
nett’s post hoc test. The mean differences were deemed significant when the p-value was less than 0.05.

Skin Histopathology

After being fixed in 10 % buffered formalin, skin specimens were processed and paraffin-embedded.
Additional paraffin sections (7 pm) were taken and analysed under a microscope after being stained with
hematoxylin and eosin to check for skin tissue disfigurement during the experiment [46].

Results and Discussion

Percent Yield

The percent yield of an inclusion complex is a useful metric for evaluating the efficiency of the prepara-
tion method and the strength of the host-guest interaction. Table S3 of the Supplementary Materials file dis-
plays the findings of the percent practical yield studies. It was found that the prepared inclusion complex’s
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practical yield ranged between 86.67 +£0.14 and 95.65 +0.58 %. In CS5, a higher yield for the UMB inclusion
complex was demonstrated using the kneading method in a 1:2 ratio. The technique used to prepare molecu-
lar inclusion complexes is reproducible, as evidenced by low coefficient of variance (CV) values (<1.0 %) in
the percentage yield [47].

Assay or Drug Content Estimation

Determining the amount of drug present in an inclusion complex through assay or drug content estima-
tion is essential for comprehending its characteristics and uses. This is significant because the inclusion
complex might exhibit different properties, like enhanced solubility or bioavailability, than the pure drug. All
12 formulations’ actual drug contents are displayed in Table S3 of the Supplementary Materials file. It was
discovered that the drug content of the prepared inclusion complex ranged from 77.37+0.64 to
98.34+0.40 %, demonstrating the use of current techniques to prepare inclusion complexes with high content
uniformity. In C5, the highest percentage of drug content was discovered to be 98.34+0.40 %.

In Vitro Dissolution Studies

When a drug forms a complex with another molecule, such as cyclodextrin, in vitro dissolution studies
of inclusion complexes measure how quickly the drug dissolves compared to the drug itself. These investiga-
tions aid to determine whether complexation speeds up the drug’s rate of dissolution, which is critical to its
efficacy and absorption. Inclusion complexes were prepared successfully, and the perfect combination for
increasing the drug dissolution characteristics of the drug in comparison with its pure form was determined.
Compared to pure drug, inclusion-complex drug release was faster. After 7 min, the cumulative percentage
of drug released for CS was 98.9 +0.13 %, whereas the cumulative percentage for pure drug UMB was 22.10
+0.6 %. The dissolution rate of UMB from all inclusion complexes (apart from C7 and C10) was significant-
ly higher than that of pure UMB, according to the in vitro release study in Table S4 of the Supplementary
Materials file.

According to the in vitro drug release profile, formulation C5, which contains HP--CD (1:2 ratio), ex-
hibited a higher dissolution rate than the other formulations.

Characterisation of Optimized UMB Inclusion Complex

Saturation Solubility Studies

The solubility of optimized inclusion complex (C5) in PBS 7.4 was 33.04 mg/mL, which was approxi-
mately 6.5 times higher than pure drug UMB (5.09 mg/mL). UMB entrapment in the HP-B-CD cavity is one
aspect of the host-guest interaction that may be responsible for the drug’s increased solubility.

Fourier Transform Infirared Analysis (FT-IR)

IR studies are indicative of any interaction between ligand and guest molecules. FT-IR spectrum of op-
timized inclusion complex C5 showed major peaks at 3315 cm™! (O-H stretch) and 2922.60 cm™! (C-H
stretch) in which the hydroxyl group showed a broad peak along with the absence of the C=0 group, indicat-
ing the formation of strong bonds between -OH group of HP-B-CD and drug in complex (Figure 1A).

DSC Analysis

It is an effective method for describing inclusion complexes, providing information on their properties
and formation. The formation of a complex and the efficiency of the interaction between the host and guest
molecules can be ascertained by examining the complex’s thermal transitions. When the DSC thermogram of
UMB is compared with that of the UMB inclusion complex (Figure 1B, 1C), it was observed that the
thermogram of UMB inclusion complex showed a wide peak showing an endothermic peak at 82.68 °C and
the endothermic peak at 123.13 °C corresponding to UMB was not visible indicating complete encapsulation
of drug in HP-$-CD.

XRD Analysis

Understanding the structure and formation of an inclusion complex can be gained through XRD
analysis. To ascertain the type of inclusion and validate the complex formation, researchers can compare the
complex’s diffraction patterns to those of the individual host and guest molecules. The XRD patterns of pure
UMB and the CS are represented in Figures 1D and 1E. The XRD spectra of UMB showed strong reflections
at around 11.7°, 15.97°, and 28°, indicating its crystalline nature. However, the peak intensities were
somewhat diminished in the XRD spectrum of C5. The peak position (angle of diffraction) and the absence
of separate, distinct peaks indicate the complex’s amorphous nature. A diffractogram of the complex
revealed the disappearance of most of the sharp peaks of the drug (crystalline nature), confirming complex
formation with a greater amorphous nature of the inclusion complex than the free molecules [25].
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Figure 1. (4) FT-IR Spectra overlay of UMB, optimized batch of DL-UMB-CDLP and C5;
(B) DSC thermograph of optimized DL-UMB-CDLP; (C) DSC thermograph overlay of UMB, C5, PL90H,
Cholesterol and optimized DL-UMB-CDLP. (D, E) XRD diffractogram of UMB and CS
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Figure 2. (4, B) SEM images of UMB at 20000x and 2500x. (C, D) SEM images of C5 at 20000x and 2500x.
(E) Microscopic image of the optimized DL-UMB-CDLP. (F, G, H) TEM images of optimized DL-UMB-CDLP
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SEM

This method is applied to the analysis of the surface morphology of inclusion complexes. Observing
changes in the particle morphology relative to the individual components makes it possible to ascertain
whether the inclusion complex has been successfully formed. The SEM images of the pure drug UMB and
CS at 20000x and 2500x magnification are depicted in Figure 2A-2D. UMB particles were observed to be
crystalline individual particles, whereas the C5 complex’s irregular shape and rough surface morphology
indicated complete conversion into a complex. The drug particles remained dispersed and physically ad-
sorbed on the surface of HP-B-CD and showed homogeneity, signifying the inclusion of complex for-
mation [32].

Formulation Development of DL-UMB-CDLP

The results shown in Table S5 of the Supplementary Materials file were obtained for the formulation
development batch for 15 formulations of DL-UMB-CDLP. The batches prepared showed that factors such
as PL90H : cholesterol ratio, Lipid : drug ratio and stirring speed significantly affected the formulated dou-
ble-loaded liposomes’ entrapment efficiency.

Use of Design of Experiments (DoE) for Process Optimisation

DoE is a structured and organised way to determine the relationship among various factors that effect
the output of a process. A 3* factorial design was used to understand the effect of three independent varia-
bles: PL90H: cholesterol Ratio (A), Lipid: drug ratio (B), and stirring speed (C). Table S5 of the Supplemen-
tary Materials file lists the specifics of the 15 batches that were completed in triplicate. It was found that the
vesicles’ entrapment efficiency elevated as the PL9OH: cholesterol ratio shifted from 5:5 to 7:3, and as the
concentration of cholesterol increased, the vesicles’ particle size reduced. Batches with the greatest PL9OH:
cholesterol ratio had greater entrapment efficiencies, whereas higher cholesterol levels caused lower entrap-
ment. This may be because cholesterol in the lipid bilayer has displaced UMB [48].

Factorial Design for Entrapment Efficiency

The results show that the p-values of the model for entrapment efficiency were less than 0.001, indicat-
ing its significance. In this case, A, B, and C represented the formulation’s constituent parts, and the equation
showed how each of them quantitatively affected the variables. The following equation was obtained:

%EE = 98.90 — 0.7400A — 0.3975B — 0.2025C — 0.5375AB —
—1.99AC - 0.3025BC — 1.91A2 + 0.6511B? - 2.75C?
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Figure 3. (4) The response surface plot and contour plots based on all the responses for DL-UMB-CDLP.
(B, C) Contour plots based on the entrapment efficiency and particle size for DL-UMB-CDLP.
(D, E) Particle size and zeta potential analysis of the optimized batch
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According to the equation above, the PL90H: cholesterol concentration (A) had a positive coefficient,
meaning it had a beneficial effect on the entrapment efficiency, whereas the concentration of cholesterol (B)
had a negative coefficient, meaning it had a negative effect. P values of 0.05 indicate high significance of the
regression coefficients. The contour plots shown in Figures 3A—3C schematically illustrates the response
values. By altering the concentrations of the PL90H and cholesterol, these plots can be used to predict the
system’s entrapment efficiency.

Factorial Design for Particle Size

The results show that the model’s p-value for particle size was 0.00004, indicating its significance.

Optimization

The formulation was optimized using the desirability function, taking into account PS at the minimum
constraint and EE% at the maximum constraint. Numerical optimization predicted an optimal formulation
with a lipid to drug ratio of 1.514:1, a PL90H to cholesterol ratio of 6.506:3.494, and a stirring speed of
813.8 rpm (coded values). The anticipated results were a particle size (PS) of 210.22 +0.28 nm and an en-
trapment efficiency (EE) of 99.19 % +0.39, with a corresponding desirability of 0.867. The improved formu-
lation was created empirically to validate the model. The measured PS and EE values were 215.45 £0.42 nm
and 98.75 +£0.31 %, respectively. The percentage bias for PS and EE was determined to be 2.49 % for PS and
0.51 % for EE. These results confirm that the experimental values closely match the predicted outcomes with
minimal bias, indicating the adequacy and reliability of the optimization model.

The optimized batch was DL-UMB-CDLP with a entrapment efficiency of 98.75 % + 0.31 %, indicating
successful entrapment of UMB into vesicles and a particle size of 215.45 + 0.42 nm.

Evaluation of the optimized DL-UMB-CDLP Formulation

Zeta Potential Analysis

Zeta potential is another crucial metric frequently used to evaluate the liposomes’ stability. The speci-
ficity and particle size distribution proved that the preparation method offers good homogeneity to double-
loaded nanoparticles, and PL90OH concentration plays a crucial role in the stability of formulations. The zeta
potential of optimized batch was found to be —23.6 £0.49 mV. Thus, the liposomal formulation is considered
stable, further restraining the charged particles’ aggregation. The particle size and zeta potential analysis re-
sults of the optimized formulations of DL-UMB-CDLP are depicted in Figures 3D and 3E.

A polydispersity index (PDI) value of the optimized DL-UMB-CDLP formulation was found to be
0.09+0.02, confirming monodisperse particles with better homogeneity. Lower PDI values show a better par-
ticle size homogeneity.

DSC Analysis

The DSC thermogram of UMB was compared with that of double-loaded liposomal formulations. The
optimized formulation of DL-UMB-CDLP thermogram exhibits a single peak at 102.38 °C, which differs
from the UMB peak. It is evident that the initially observed UMB peak vanishes from the thermogram of the
corresponding liposomal formulation, and the endotherm is seen to be broadened and slightly shifted to a
lower temperature. Thus, it can confirm that the liposomal formulation is formed.

Photomicroscopy

This analysis provides a powerful toolkit for visualizing and characterizing double-loaded liposomes.
The microscopic images showed the presence of spherical structures of the complex. Figure 2E represents
that liposomes are circular or slightly off-circular, with relatively thick edges. Lipid vesicles can be created
without cholesterol, but the formed structures will be destroyed easily. Thus, it is quite clear from the images
that cholesterol stabilizes the PL90H layers in the liposomes.

TEM

TEM analysis is used to visualise the morphology and size of double-loaded liposomes, revealing their
spherical shape and variations in size. Since TEM analysis had a high spatial and atomic resolution, it was
utilized to ascertain the internal and structural characteristics. The TEM verified the presence of spherical
liposome vesicles (Figure 2F—2H). TEM analysis disclosed the development of homogenous unilamellar,
discrete and almost spherical structures of liposomes [49].

In Vitro Drug Release Study
These studies seek to determine the overall effectiveness of the liposomal system, comprehend the re-
lease profile of the medications, and evaluate the effect of formulation on drug release kinetics. The drug
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release plays a vital role in drug performance. The in vitro drug release study of UMB liposomes was carried
out in a 4:1 ratio of PBS 7.4: Ethanol at 37 °C using the dialysis method. The release study was carried out
for 5 hours. The release rate of the DL-UMB-CDLP was significantly different (p < 0.05) compared to
UMB. The release profile of free UMB showed 59.65 £1.04 % after 5 hours. The release profile of UMB
formulations showed 81.64+10.6 % after 5 hours (Figure 4A). The release profile of the liposomal suspen-
sion showed a biphasic response with a comparatively significant burst effect followed by a slower release
rate. This burst effect and its rate vary depending on the type of liposome and lipid concentration. Some-
times, the addition of cholesterol reduces the initial release rate. Our observation of the sustained manner of
drug release is due to the phospholipid complex’s slow drug diffusion [50, 51, 52].

Evaluation of Gel

pH, Visual Inspection, Homogeneity, Grittiness

Gel evaluation ensures these formulations’ safety, efficacy, and quality, affecting their effectiveness and
patient acceptability. Each prepared topical gel formulation ranged between 6.5 and 6.8 (Table S6 of the
Supplementary Materials file), a safe range to apply to the skin. The color, texture, consistency, and appear-
ance of the prepared gel formulations were visually inspected. Every prepared formulation had a smooth,
viscous texture and a buff color. There was no alteration in the toughness of formulation for all the prepared
formulations during application to the skin. No grainy particles and lumps were observed on the slide under
microscopic examination.

In Vitro Diffusion Study of Gel

This study gives researchers a better understanding of how a drug will act in the body by simulating
drug release and penetration through a barrier, such as the skin, under carefully monitored conditions. This
aids in developing and optimising topical gels and other drug delivery systems for increased safety and effec-
tiveness. In vitro release profile of optimized DL-UMB-CDLP loaded gels containing different concentra-
tions of Carbopol is shown in Figure 4B; the cumulative release of the control gel was found to be
56.16+0.64 % at the end of 24 hours. Meanwhile, in the liposomal gel, B1, B2, B3, and B4 were found to be
86.29+1.04 %, s118.18+0.77 %, 104.47+£0.76 % and 77.23£1.18 %, respectively. A significant difference
(p < 0.05) was observed between the drug release retardation shown by UMB loaded gel and optimized DL-
UMB-CDLP loaded gels. Since formulation B2 demonstrated the highest percentage of cumulative drug re-
lease, it was selected as the most optimal.
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Figure 4. (A) In vitro drug release profile of pure drug UMB and optimized DL-UMB-CDLP. (B) /n vitro drug diffu-
sion profile of optimized DL-UMB-CDLP loaded gel. (C) Graphical representation of % cumulative drug permeation of
optimized DL-UMB-CDLP loaded gel formulation and UMB loaded gel using rat skin
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Kinetic Modelling of Optimized Gel

Model fitting of the permeation profile of drug from the UMB loaded gel and optimized DL-UMB-
CDLP loaded gel was performed using Zero order, First order, Higuchi and Korsmeyer—Peppas models,
which exhibited R? values of 0.9933, 0.8199, 0.9793 and 0.9962, respectively. Based on the highest coeffi-
cient of correlation, the best fit was shown by Korsmeyer—Peppas model (R* = 0.9962) and the value of per-
meation coefficient () for the drug and complex was obtained to be 0.5 < < 1. This indicates a non-Fickian
pattern of drug release, i.e. a combination of drug diffusion and matrix erosion. The simple Korsmeyer-
Peppas model describes drug release from a polymeric system, also called the “Power law”. Some release
mechanisms, including the diffusion of the vehicle into the matrix, the matrix’s swelling, and the matrix’s
dissolution, are simultaneously described by the Korsmeyer-Peppas model. The developed liposomal gel has
a dual action: ethanol causes skin disruption, and the vesicle action leads to the drug release [31].

Stability Study

Stability study assesses how a pharmaceutical formulation’s efficacy, safety, and quality are preserved
over time under various handling and storage conditions. Determining the product’s shelf life, ideal storage
conditions, and suitable packaging is an essential step in the process. The study helps ensure that the medica-
tion will maintain its potency, purity, and other quality characteristics throughout its anticipated use. The
stability studies of the optimum formulation showed that the liposomal formulation’s drug content and en-
trapment efficiency did not significantly decrease over 30 and 90 days. The results are shown in Tables S7
and S8 of the Supplementary Materials file. Changes in pH were noted, which slightly reduced with time.
Maximum changes were observed in formulations stored at room temperature and 40 “C. Therefore, the for-
mulations can be stored at 4 “C.

Biological Evaluation

Ex Vivo Skin Permeation Studies

These studies are crucial for understanding drug delivery, evaluating the efficacy of formulations, and
predicting how substances will interact with the skin. The comparative results of the cumulative release per-
centage of the pure drug UMB-loaded gel and the optimized DL-UMB-CDLP gel through the skin are shown
in Figure 4C. The cumulative release of the pure drug UMB-loaded gel was 57.76 £0.56 % at the end of 24
hours. Meanwhile, in DL-UMB-CDLP gel, the cumulative release was 98.76 £0.94 % at the end of 11 hours.
When comparing the optimized DL-UMB-CDLP gel to the traditional UMB-loaded gel, the drug release
value after 24 hours was significantly higher (p < 0.05), indicating a notable improvement in release rate.
The presence of phospholipid constituents, which altered the skin layer and improved drug penetration, may
have contributed to the enhanced penetration of the optimized DL-UMB-CDLP gel. In contrast, this type of
interaction was absent from the conventional UMB-loaded gel. The prepared optimized DL-UMB-CDLP gel
was better at facilitating drug penetration and sustained release of UMB, according to this ex vivo study con-
ducted for 24 hours [53].

Primary Skin Irritation Studies

This test is crucial for determining the potential of a substance to cause irritation or damage to the skin.
The prepared gel formulation was found safe when its skin-irritating effect was assessed. No erythema or
edema was seen in any formulation after seven days of study. Additionally, the finer gel matrix mesh of Car-
bopol 934P prevents droplets from penetrating into the deeper layers of the skin, reducing skin irritation.

Histopathological Analysis of the Skin for Skin Irritancy Testing

A skin irritancy test was done to check vehicle compatibility with the skin and confirm if the DL-UMB-
CDLP gel formulation caused any dose toxicity. Figure SA—5C displays the findings of the skin's histopatho-
logical examination. In this group, 2 (G2), a plain drug-loaded gel, showed mild dermal congestion and in-
flammatory infiltration. In contrast, gel vehicle (G1) and the optimized gel formulation (G3) showed no his-
tological changes in the skin. Microscopic images show that the vehicle gel base (G1) and the DL-UMB-
CDLP gel (G3) are compatible with skin as they do not cause any epidermal changes in the rat skin.
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Legend on the figure Bn: (DC) — Microscopy-Dermal Congestion, (DII) — Dermal Inflammatory Infiltratio

Figure 5. Photomicrographs of histological sections of the rat skin for skin irritancy testing.
(A) G1 — Gel base. (B) G2 — Placebo. (C) G3 — Optimized DL-UMB-CDLP loaded gel

Assessment of the Photoprotective Capacity of the Optimized DL-UMB-CDLP Gel Against UV Expo-
sure

Rats that underwent this procedure but did not receive UMB treatment (G2 group) exhibited oxidative
damage due to the UV irradiation model we used in our study. Decreased activity of CAT, GSH, and SOD
indicates depletion of the endogenous antioxidant system, and an increase in the TBARS marker, a marker
that sets the lipid peroxidation index, was used to confirm oxidative damage (Figure 6). The effects on indi-
vidual markers in different groups are depicted in Figure S3 of the Supplementary Materials file. CAT, GSH,
and SOD activities significantly recovered in animals that were exposed to the same irradiation protocol and
received immediate UV treatment following the application of DL-UMB-CDLP gel formulation. These ani-
mals also showed no signs of lipid peroxidation (low TBARS value), comparable to the outcomes of the non-
irradiated control (G1) group. These findings demonstrated the UMB’s ability to protect against oxidative
damage caused by UV radiation and are associated with its antioxidant activity, which has already been elu-
cidated in previous studies [24, 54, 55].
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Figure 6. Effect of UV exposure on the antioxidant enzymes CAT, GSH, SOD, LPO and TBARS

One-way ANOVA followed by Dunnett’s post hoc test.
Data represents mean+SD. (n = 6), *p <0.01, **p <0.001, and.***p < 0.0001 vs G2
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Histopathological Analysis of the Skin for Photoprotective Activity

Skin histopathological analysis is important for assessing photoprotective activity because it allows re-
searchers to determine how UV radiation and protective agents affect the cellular and structural integrity of
the skin. This analysis helps determine whether a substance or product can reduce or prevent the harmful
effects of UV radiation on the skin. The microscopic images are shown in Figure 7. The histopathological
analysis of the skin in the UV irradiated control group (G2) showed mild dermal congestion, stratum
corneum degeneration, fibrosis and dermal inflammatory infiltration. Fibrosis and hyperkeratosis were ob-
served in the UMB 1 gel group (G3), whereas the UMB 2 gel group (G4) showed stratum corneum degenera-
tion. This study indicates that the vehicle gel base is compatible with the skin, and the DL-UMB-CDLP gel
(with immediate UV exposure) did not cause any epidermal changes in the rat skin compared to the UV-
irradiated control group [14].

Legend on the microscopy figures: (DC) Dermal Congestion, (DII) Dermal inflammatory infiltration,
(STD) Stratum corneum degeneration, (FB) Fibrosis, (HK) Hyperkeratosis

Figure 7. Photomicrographs of histological sections of the rat skin for photoprotective activity:
(A) G1-Gel base; (B) G2- UV Irradiated control; (C) G3- UMB 1 gel; (D) G4- UMB 2 gel;
(E) G5- DL-UMB-CDLP 1 gel; (F) G6- DL-UMB-CDLP 2 gel

Conclusions

The current work is a novel way to improve UMB’s poor bioavailability and low aqueous solubility by
complexing it with B-CD and then delivering the drug via liposomal delivery (DL-UMB-CDLP). The UMB-
B-CD complex was successfully encapsulated in double-loaded liposomes using the thin-film hydration tech-
nique, PL90H, and cholesterol. The impact of independent variables on entrapment efficiency and particle
size was examined using the 3° full factorial design. The research findings suggest that the DL-UMB-CDLP
may be helpful for the sustained release of UMB, a poorly soluble drug. Additionally, it was concluded that
the formulation may increase UMB’s solubility and prolong its release for improved therapeutic efficacy. In
conclusion, the optimized formulation DL-UMB-CDLP loaded gel presented physicochemical characteristics
suitable for topical application and shielded the animal’s skin from UVA and UVB radiation damage.

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 47



Verekar, R.R., Shaikh, Sh.B.M. et al.

UMB’s antioxidant and anti-inflammatory qualities and capacity to absorb UV radiation may be linked to the
photoprotective effect.
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