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Introduction: Tinospora smilacina is a native plant used in traditional medicine by First Nations peoples in Australia to treat 
inflammation. In our previous study, an optimised Calophyllum inophyllum seed oil (CSO) nanoemulsion (NE) showed improved 
biomedical activities such as antimicrobial, antioxidant activity, cell viability and in vitro wound healing efficacy compared to CSO.
Methods: In this study, a stable NE formulation combining T. smilacina water extract (TSWE) and CSO in a nanoemulsion (CTNE) 
was prepared to integrate the bioactive compounds in both native plants and improve wound healing efficacy. D-optimal mixture 
design was used to optimise the physicochemical characteristics of the CTNE, including droplet size and polydispersity index (PDI). 
Cell viability and in vitro wound healing studies were done in the presence of CTNE, TSWE and CSO against a clone of baby hamster 
kidney fibroblasts (BHK-21 cell clone BSR-T7/5).
Results: The optimised CTNE had a 24 ± 5 nm particle size and 0.21± 0.02 PDI value and was stable after four weeks each at 4 °C 
and room temperature. According to the results, incorporating TSWE into CTNE improved its antioxidant activity, cell viability, and 
ability to promote wound healing. The study also revealed that TSWE has >6% higher antioxidant activity than CSO. While CTNE did 
not significantly impact mammalian cell viability, it exhibited wound-healing properties in the BSR cell line during in vitro testing. 
These findings suggest that adding TSWE may enhance CTNE’s potential as a wound-healing treatment.
Conclusion: This is the first study demonstrating NE formulation in which two different plant extracts were used in the aqueous and 
oil phases with improved biomedical activities.
Keywords: medicinal plants, nanoemulsion, RSM, wound healing, in vitro

Introduction
There has been a significant advancement in natural remedies with healing potential for skin cuts, burns, and wounds.1,2 

However, wound healing is amongst the most complicated processes in the human body. The skin presents an efficient 
barrier to protect the body from the penetration of molecules and microorganisms in the external atmosphere and extreme 
water loss to maintain homeostasis.3 The difficulty of effective administration to the target site has been identified as 
a significant challenge in the pharmaceutical industry.4,5 Nanosystems can be designed to interact with the outermost 
layer of skin, the stratum corneum (SC), which is a barrier to the penetration of many substances. By incorporating 
specific properties such as small particle size, surface charge, and hydrophobicity, nanosystems can penetrate the SC and 
reach deeper skin layers or tissues.6 Nanoemulsions (NE) are an emerging class of nanosystems that have shown great 
potential in improving therapeutic effectiveness.7

NEs are stable colloidal systems of oil and water, stabilised by surfactants.5 Maintaining the elements and character-
istics of the NE formulation to achieve optimal bioavailability and minimal skin irritation plays an important role.8 

Certain factors, including polarity, volatility, solubility, and the presence of organic solvents of the active compound need 
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to be considered to select the nanosystem.5,9 Depending on the extraction method, plant extracts can possess many active 
molecules, such as phenolic compounds.10

In our previous work,11 we formulated a NE containing Calophyllum inophyllum L. (Clusiaceae) (CSONE) as cold- 
pressed seed oil (CSO). The CSONE was stable and enhanced biomedical properties including antioxidant activity, cell 
viability, in vitro wound healing, and antimicrobial activity compared to the CSO.11 In this investigation, we introduced 
a plant-based water component to the NE in an effort to enhance the properties of the plant-based oil NE.

For this study, Tinospora smilacina water extract (TSWE) and Calophyllum inophyllum L. (Clusiaceae), cold-pressed 
seed oil, were used to formulate stable NE. Tinospora smilacina Benth. (Menispermaceae), commonly known as 
“snakevine”, is a semi-deciduous woody, creeping vine plant found in northern New South Wales and central 
Northern Australia.12 The stems, leaves, and roots have been used as traditional medicines by Australian First Nations 
peoples to treat inflammatory disorders such as swelling, wound infection, colds and snake bite13,14 and to cover boils.15 

Long-chain unsaturated fatty acids16 and alkaloids15 were identified in this species which may be responsible for 
exhibiting diverse biological activities, such as those that are antimalarial,17 anti-inflammatory, and wound healing.18 

However, there is a lack of published data on the wound healing properties and cytotoxic effects of T. smilacina. In 
addition, studies on C. inophyllum seeds, bark and leaf extracts have shown potential pharmaceutical value, with 
antioxidant, antimicrobial, antiproliferative, antitumor, and anti-inflammatory activities.19–24

The current study describes the generation of a stable NE combining TTSWE as with CSO, following the Response 
Surface Methodology (RSM) design. Encapsulating these two agents into one NE was expected to retain the properties of 
the biologically active ingredients. The optimum formulation and fabrication parameters for designing the NE need to be 
appropriately assessed in order to achieve a NE with desirable stability. The conventional experimental approach for 
optimising parameters can be costly and time-consuming. Hence, numerical methods such as RSM can reduce the 
experimental parameters of conventional experimentation.25,26 Using mathematical models and statistical techniques, 
RSM can investigate the relationship and interaction of independent variables with the response variables. The mixture 
design statistical method is the most suitable design for optimising pharmaceutical formulations, such as gel and 
tablets.27,28 In this study, the D-optimal mixture design was used as it has a smaller number of runs and thus lowers 
the cost of experimentation.29 The stability and bioactivity of NE optimised were evaluated and compared with CSONE, 
CSO and TSWE.

Methodology
Materials and Reagents
T. smilacina (TS) leaves were collected By Elnaz Saki and Dr Penny Wurm from the Charles Darwin University campus, 
Ellengowan Dr, Casuarina, NT, 0810 (12°22'12'' S, 130° 52' 2'' E) vouchered by specimen Saki 1 and the collections were 
authenticated by Dr Penny Wurm. The voucher specimen is deposited at the Northern Territory Herbarium in Darwin, NT 
(D0289936). Calophyllum inophyllum seed oil (CSO) was purchased from Tamanu NT, a company based in Darwin, 
Northern Territory (NT), Australia, that produces CSO in bulk by cold press method from seeds collected in the Darwin 
region. Polysorbate 80 (Tween 80) (P6224), sodium methoxide (S0485), n-hexane (270504), 3-(4,5-dimethylthiazol- 
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (M2128) and dimethyl sulfoxide (DMSO) (D8418) were purchased from 
Sigma Aldrich, Australia and 2,2-diphenyl-1-picryl-hydrazyl (DPPH) (ALF044150), butylated hydroxytoluene (BHT) 
(ACR11299) were purchased from Thermo Fisher Scientific, Australia. The baby hamster kidney clone BHK-21 (BSR) 
cell line was kindly provided by the Berrimah Veterinary Laboratory, Northern Territory, Australia.

Extraction of Tinospora smilacina Leaves
The extraction protocol for TS leaves was optimised to obtain the highest chromatogram peaks obtained on the liquid 
chromatography–mass spectrometry (LC–MS). The optimal extraction method for TS leaf water extract (TSWE) was 
prepared from fresh TS leaves dried at 60 °C for six hours. After the dried leaves were cooled to room temperature, they 
were ground to a fine powder with the Laboratory Rotor Mill Pulverisette 14 (LAVAL LAB, North America). Powdered 
leaf (5.0 g) was mixed with 100 mL boiling high pure water (HPW) for five minutes and shaken for six hours using an 
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orbital shaker (BIOBASE, China) at room temperature of 25 ±1 °C. The liquid extract was separated from the solids by 
filtration with cloth and then filter paper (Whatman, 12 mm) with suction. The extract was transfered to sterile falcon 50 
mL high-clarity polypropylene (PP) tubes (Sigma-Aldrich, Australia) and stored at −20 °C for further use.

Liquid Chromatography–Mass Spectrometry Analysis of TSWE
The TSWE was analysed with an LC-QTOF/MS system (Agilent Technologies), consisting of a 1260 LC coupled to 
a 6530 QTOF-MS equipped with an electrospray ionisation source. LC separation was accomplished on a Zorbax Eclipse 
plus C18 column (2.1× 50 mm, 1.9 μm) at 35 °C. The injection volume was 2.0 μL. The mobile phases consist of 
solution A 0.1% v/v formic acid in water and solution B 0.1% formic acid in acetonitrile. The MS was tuned for a low 
mass range (up to 1700 m/z) and run positive mode for a full scan. Data were collected and processed using 
“MassHunter” B.05.00 Service Pack 3.

Preparation of CTNE
The CTNE containing TSWE and CSO was prepared by mixing dispersed and continuous phases. The dispersed phase 
was prepared by dissolving CSO in Tween 80 as a surfactant. The continuous phase was an aqueous phase consisting of 
an equal amount of HPW and TSWE. The coarse oil-in-water (o/w) emulsion was prepared by mixing the oil and water 
phases at 200–300 rpm for 15 min at 40 °C using an overhead stirrer. The coarse emulsion was then homogenised at 
20,000 rpm for 20 min using a high shear homogeniser (IKA T18 Ultra-Turrax, Germany). The temperature was 
controlled (40°C ± 2°C) by placing the emulsion in an ice bath during homogenisation. The final CTNE was divided 
into two sterile falcon 50 mL tubes and stored at room temperature and 4 °C for stability analysis.

Characterisation of CTNE
The characterisation of NE has been described in a previous study.11 Briefly, particle size and PDI values of the NEs were 
evaluated using dynamic light scattering (DLS) measurements, and the morphology was examined using TEM (JEM- 
1400, JEOL Co., Japan).

Optimisation of CTNE by Response Surface Methodology and Statistical Analysis
NE formulation was optimised using a D-optimal mixture design (DMD). Fourteen runs were generated using Design- 
Expert® 12 software (Stat ease Inc., Minneapolis, USA). The DMD was constructed to minimise the overall variance of 
the predicted regression coefficient by maximising the value of the determinant of the information matrix.30 The DMD 
was used to study the effects of the independent variables: CSO (X1), Tween 80 (X2), HPW: TSWE (1:1) (X3) on the 
responses: droplet size and PDI and CTNE. The current design evaluated three mixture components (Table 1) by 
changing individual concentrations and keeping their total 100.

A nonlinear response function was required for constructing the final model. The RSM presents crucial knowledge on the 
impact of variables and responses of interest with the smallest number of experiments. A second-order quadratic equation 
was used to express the responses: droplet size and PDI of CTNE as a function of the independent variables as follows:

Table 1 Mixture Components Values Used in D-Optimal Mixture Design (DMD)

Component Name Units Type Minimum Maximum Coded Low Coded High

A CSO % Mixture 6 8 +0 ↔ 6 +0.25↔8
B Tween 80 % Mixture 18 24 +0 ↔ 18 +0.75↔24

C TSWE: HPW % Mixture 68 76 +0 ↔ 68 +1↔76

Total =100

Abbreviations: CSO, Calophyllum inophyllum seed oil; HPW, high pure water; TSWE, Tinospora smilacina water extract.
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Equation 2 models the response Y with the factors of independent variables X. This model incorporates the models of 
complex orders, where k represents the total number of patterns of a particular order and i and j represent individual 
patterns. The coefficients for various orders are referred to as β, where βij represents the interaction effect, βii the 
quadratic effect, and β0 represents the final adjustment constant. The error between the observed and predicted values is 
represented by the term ε in the model.31

Cell Viability Assay
Cell viability in the presence of CTNE, TSWE and CSO against BHK-derived cell line (BSR T7/5),32 was determined using 
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay (211).33 The cell viability method was 
described in our previous study.11 The CTNE concentration range tested was 60–4000 µg/mL. The CSO and TSWE were 
tested at the same concentration range as in CTNE, 2.18–70 µg/mL and 22.5–720 µg/mL, respectively. A CSO stock solution 
was prepared by mixing CSO with DMSO in a 1:3 ratio, then diluted with HPW. The TSWE was also diluted with HPW. The 
DMSO (0.07–1.12 µg/mL) and Tween 80 (0.010–0.21 µg/mL) and HPW were included as controls. All stock solutions were 
filtered by 0.2 µm syringe filter. The untreated control group was cell media only. Confluent cell monolayers in 96 well 
microplates were treated with 150 µL of sample in Gibco Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 
5% foetal bovine serum and 1% penicillin/streptomycin to a final volume of 300 µL per well and incubated for 24 h at 37 °C 
with 5% CO2. The microplates were then incubated with 20 μL of 5 mg/mL MTT solution per well for 4 h at 37 °C and 5% 
CO2. Following incubation, the media in each well was discarded, and 100 μL of 10% sodium dodecyl sulphate (SDS) solution 
in 0.01M HCl was added to solubilise the purple-blue formazan. The absorbance was measured with an ELISA microplate 
reader (xMark™, BIO-RAD, Australia) at 570 nm. The cell viability percentage was calculated using:

where absorbancecontrol is the absorbance of untreated cells and absorbancesample is the absorbance of treated cells with 
samples. Each sample and control were tested in triplicate in three independent experiments.

The Antioxidant Activity Assay
The antioxidative capacity comparison of CTNE, TSWE and CSO was evaluated using the stable DPPH radical method 
demonstrated in our previous study.11 Fifty microliters of CTNE, TSWE or CSO in methanol over the range of 15.6–250 
µg/mL were added to 5 mL of a 0.04% methanol solution of DPPH. Butylated hydroxytoluene (BHT)—an antioxidative 
substance commonly used in antioxidant activity assays—was used as a positive control in this assay. Each test was 
carried out in triplicate in three independent experiments. Free radical scavenging indicated by reduced DPPH in 
percentage was calculated as follows:

Evaluation of the in vitro Wound Healing Activity
The wound healing activity of CTNE, TSWE and CSO was assessed using the scratch-wound assay.34 The BSR cells 
were seeded at a density of 1×105 onto 4-well chamber slides and cultured in DMEM) supplemented with 5% foetal 
bovine serum and 1% penicillin/streptomycin incubated overnight at 37°C with 5% CO2. After 72 h incubation, scratches 
were introduced into the confluent monolayer with a sterile 10µL pipette tip, and the plate was washed with PBS (Sigma 
Aldrich, Australia). Cells were treated by adding 150 µL of CTNE, TSWE or CSO with supplemented DMEM to each 
well in a final volume of 300 µL. The concentration of CTNE, TSWE or CSO (8.75 µg/mL, 4.38 µg/mL, and 2.19 µg/ 
mL) was selected based on higher than 80% cell viability. Controls included untreated cells (distilled water added to 
media) and treatment with Fibroblast Growth Factors (FGF) (Sigma Aldrich, Germany) at a final concentration of 2ng/ 
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mL. To evaluate the relative cell migration for each treatment, three locations of the scratch-wound from each chamber 
were photographed and measured using an OLYMPUS DP22 Microscope Digital Camera. In order to measure the scratch 
gap area at 0 h, 24 h and 48 h, DP2-SAL Software was used to determine the percentage of wound closure at each time 
point. Three independent experiments were performed with triplicates, the data were recorded, and wound closure 
percentages were calculated as follows:

where, AT=0h is the distance of wound measured immediately after scratching made and AT=∆h is the distance of wound 
measured h hours after scratching made.

Stability Study of CTNE
Freshly prepared samples were placed in 15 mL falcon tubes and stored in a refrigerator at 4 ±1 °C and room temperature 
of 25 ±1 °C for four weeks of storage. Samples were centrifuged at 4500 rpm for 15 min then observed for layer 
separation and sedimentation. The particle size and PDI values were analysed before and after four weeks of storage.

Statistical Analysis
NE formulation, graphical representations, and optimisation were statistically analysed using Design Expert (version 12.0.3.0) 
software. The best-fitting polynomial model was compared by numerous statistical parameters (lack-of-fit, predicted and 
adjusted multiple correlation coefficients and coefficient of variation) of different polynomial models. The significant 
difference was determined through analysis of variance by calculating F-value at the probability of 0.5, 0.1 and 0.01.

The data obtained from cell viability, DPPH, and in vitro wound healing assays were analysed using GraphPad 
software (USA). The data presented are the mean ±2 SD of three independent experiments. Statistical significance was 
determined using a two-way ANOVA with a P value of less than 0.05 as statistically significant.

Results
Liquid Chromatography–Mass Spectrometry Analysis of TSWE
The water-soluble compounds in TSWE were identified by QTOF-LC/MS (Figure 1 and Table 2). The polyphenolic-rich 
fractions obtained from TSWE included K-Hex-Hex*Di-C,C-hexosyl-apigenin, Kaempferol-C-glucoside, Diosmetin 
6.8-di-C-glucoside, MQ-Hex-dHx*Isovitexin 6-O-deoxyhexoside, and Diosmetin-6-C-glucoside (*: Q, quercetin; M, 
methyl; MQ, methylquercetin; MK, methylkaempferol; Hex, hexose; dHx, deoxyhexose). These components were 
identified by matching the retention time and chromatogram to previous publications describing these plants’ extract 
phenolic compounds.35–38

Figure 1 Liquid chromatography–mass spectrometry (LC-MS) chromatogram of Tinospora smilacina leaf water extract.
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Optimisation of CTNE Using D-Optimal Mixture Design
The mixture components and process factor values used in DMD are presented in Table 3. The experimental design 
model was quadratic (Equation S1 and S2 shown in Supplementary Material). The mixture components are intercon-
nected as they are compelled to sum one, though the procedure variables can be altered independently. The factor 
valuation and the corresponding droplet size and PDI values revealed that three independent variables, CSO (A), Tween 
80 (B) and TSWE: HPW (C), had a significant consequence on the encapsulation of NEs (P < 0.05).

The mixture components were prepared by using diverse levels of independent variables. Details regarding the effect 
of independent variables on response variables and statistical analysis of the models are summarised in Supplementary 
Material. The response surface plots for droplet size and PDI value are presented in Figure 2. The effect of factors on the 
droplet size and the PDI value could be understood by analysing the elevation of the corresponding response surface. 
A higher elevation corresponds to large droplet size and PDI value and vice versa.

The optimum CTNE values were 7% CSO, 21% Tween 80, and 72% TSWE: HPW, which resulted in particles with 
a size of 21.87 nm and a PDI value of 0.19. The visual appearance of CTNE is presented in Figure 3a.

TEM Observation of CTNE Droplets
The morphology of CTNE was imaged by TEM (Figures 3b and c). The TEM observations provided positive images in 
which the CTNE appeared as bright and spherical shapes with dark surroundings. The CTNE particles were distributed 
uniformly and homogeneously throughout the formulation without any aggregation in the system. Moreover, the average 
droplet size obtained from the TEM image was approximately 24 ± 5 nm and agreed with the particle size analysis results 
using the Zetasizer analysis.

Table 2 Liquid Chromatography–Mass Spectrometry (LC-MS) Identification of Compounds in Tinospora smila-
cina Leaf Water Extract

Compound Retention Time (min) Molecular Mass Empirical Formula References

K-Hex-Hex* 2.49 610 C27H30O16 [35]

Di-C,C-hexosyl-apigenin 3.04 594 C30H26O13 [36]

Kaempferol-C-glucoside 3.83 448 C21H20O11 [37]
Diosmetin 6,8-di-C-glucoside 3.616 624 C28H32O16 [38]

MQ-Hex-dHx* 3.91 624 - [35]

Isovitexin 6-O-deoxyhexoside 4.43 578 C27H29O14 [39]
Diosmetin-6-C-glucoside 4.51 462 C22H22O11 [38]

Abbreviations: *Q, quercetin; M, methyl; MQ, methylquercetin; MK, methylkaempferol; Hex, hexose; dHx, deoxyhexose.

Table 3 Mixture Components and Process Factor Values Used in D-Optimal Mixture Design (DMD)

Run A: CSO % B: Tween 80% C: TSWE: HPW % Droplet Size (nm) Polydispersity Index

1 8.0 18.7 73.3 112.67 0.65
2 8.0 22.4 69.6 60.35 0.35

3 6.7 18.0 75.3 63.02 0.31

4 6.7 18.0 75.3 60.67 0.36
5 6.3 24.0 69.6 20.11 0.19

6 6.0 21.5 72.5 22.15 0.31

7 7.2 21.3 71.5 23.49 0.19
8 6.0 20.3 73.7 31.41 0.37

9 6.0 22.8 71.2 21.53 0.24

10 6.9 19.0 74.2 45.63 0.25
11 7.2 21.3 71.5 23.33 0.21

12 8.0 24.0 68.0 40.47 0.24

13 7.2 21.3 71.5 23.08 0.21
14 7.6 20.0 72.4 56.63 0.31

Abbreviations: CSO, Calophyllum inophyllum seed oil; HPW, high pure water; TSWE, Tinospora smilacina water extract.
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Stability Study of CTNE
After four weeks of storage, the droplet size and phase separation were tested to evaluate physical stability. The 
optimised NE sample was physically stable with no phase separation at room temperature and 2–8 °C. The particle 
size and PDI values were also compared before and after four weeks of storage (Table 4). This indicated refrigeration was 
the best storage method for CTNE with no droplet size or PDI change over four weeks.

Cell Viability Assay
The MTT assay used to examine the effect of CTNE, TSWE and CSO on the viability of the BSR cell line is present in 
Figure 4. The CTNE, TSWE and CSO were tested over a range of concentrations from 60–4000 µg/mL. The untreated 

Figure 2 Three-dimensional response surface plot representing the effect of (A) Calophyllum inophyllum seed oil (CSO) (%), (B) Tween 80 (%) and (C) Tinospora smilacina 
water extract: high pure water (TSWE: HPW) (%) on (a) droplet size (nm) and (b) polydispersity index.

Figure 3 (a) Illustration of Tinospora smilacina water extract and Calophyllum inophyllum seed oil nanoemulsion (CTNE), (b and c) transmission electron microscopy of 
droplets in the CTNE. Scale bar (b) 500 nm and (c) 100 nm.

Table 4 Stability of Tinospora smilacina Water Extract and Calophyllum inophyllum 
Seed Oil NE (CTNE), After Four Weeks of Storage at Different Temperature

At Preparation Four Weeks of Storage

Room Temperature Refrigeration

Droplet Size (nm) 24 ± 5 44 ± 5 24 ± 5

Polydispersity index 0.21 ± 0.02 0.24 ± 0.02 0.21 ± 0.02

Note: Each value is the mean of three replicates with standard deviation (±2 SD) and analysed by 2-way- 
ANOVA (analysis of variance) (n = 3).
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control treated with media only was set as 100% cell viability. The TSWE showed more than 90% cell viability at all 
concentrations tested. The CSO and CTNE significantly (p < 0.0001) affected cell viability at 1000 µg/mL and greater, 
and the cell viability dropped to less than 80%. The cell viability in CTNE was consistently higher than CSO, except at 
the highest concentration tested of 4000 µg/mL. CTNE presented above 80% cell viability when the concentration was 
less than 500 µg/mL or less. The CSO showed cell viability above 80% at less than 250 µg/mL or less. The CTNE and 
TSWE in 60 µg/mL were not significantly different from the untreated control group. The three lowest concentrations 
tested of CTNE, TSWE and CSO were used in wound healing experiments as they showed above 250 µg/mL (~ 85%), 
120 µg/mL (~ 90%) and 60 µg/mL (~ 95%) cell viability. An equivalent amount of Tween 80 present in the NE was also 
examined for its effect on cell viability and showed above 80% cell viability (data not shown in Figure 4).

Free Radical Scavenging of CTNE, TSWE and CSO
The DPPH free radical scavenging abilities of CTNE, TSWE and CSO are shown in Figure 5. The antioxidant activity of 
all tested samples was concentration dependent. The CNTE demonstrated the highest levels of activity, while the TSWE 
showed higher radical scavenging in all tested concentrations when compared to CSO. At the highest concentration of 
CTNE, TSWE and CSO (250 µg/mL), 30%, 25% and 15% of free radicals were quenched, respectively. These results 
were significantly different (p < 0.0001).

Evaluation of the Wound Healing Effect of CTNE, TSWE and CSO
The effect of CTNE, TSWE and CSO on wound closure (WC) were assessed using a monolayer scratch model. Three 
concentrations of CTNE, TSWE or CSO were tested. Figure 6a displays the percentage WCs at 24 h and 48 h, while 
Figure 6b indicates the relative concentration of the components available in CTNE. The FGF treatment showed similar 
wound closure percentage (WC%) to untreated cells at 24 h and complete closure after 48 h compared to 70% WC for 
untreated cells. The WC% for CTNE-treated cells was consistently higher than that for FGF-treated cells. For CTNE and 
CSO, the WC% was most significant in the cells treated with the lowest concentration (p < 0.0001). This contrasted with 
TSWE treatment, which demonstrated similar levels of wound closure at all tested concentrations. The WC% for all 
TSWE concentrations was higher than that for FGF treatment at 24 h. However, complete WC was not achieved at 48 
h for TSWE and only reached a maximum of 72%.

Figure 4 Cell Viability profile by MTT assay of Calophyllum inophyllum seed oil (CSO), Tinospora smilacina water extract (TSWE) and CSO nanoemulsion (CTNE) and TSWE 
at 24 h on hamster kidney (BSR) cell line.The x-axis indicates the NE concentration matched with the equivalent TSWE and CSO concentration content available in NE. The 
untreated control contained cells with media only. Each value is the mean of three replicates with standard deviation (±2 SD) and all conditions were significantly different to 
the untreated control analysed by two-way-ANOVA (n = 3; p < 0.05).
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Figure 5 DPPH radical scavenging of Calophyllum inophyllum seed oil (CSO), Tinospora smilacina water extract (TSWE) and CSO nanoemulsion (CTNE) and TSWE. The 
DPPH results are the mean of three independent experiments with error bars ±2SD. The x-axis indicates the NE concentration matched with the equivalent TSWE and 
CSO concentrations available in NE.

Figure 6 (a) Percentage wound closure observed for Calophyllum inophyllum seed oil (CSO), Tinospora smilacina water extract (TSWE) and CSO nanoemulsion (CTNE) and 
TSWE at 24 h and 48 h in hamster kidney (BSR) cells. Blank indicates untreated cells (negative control), FGF indicates Fibroblast Growth Factor (positive control) and cells 
with media only negative control. Each value is the mean of three individual experiments with standard deviation (±2 SD) and analysed by two-way analysis of variance 
(ANOVA) (n = 3; p < 0.0001). (b) Relative concentration of components available in CTNE.
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Figure 7 displays a typical image of the wound closure at the lowest concentration of CTNE, CSO and TWSE 
treatments at 0 h, 24 h, and 48 h. Cells treated with the lowest concentration of CTNE (62.5 µg/mL) achieved 90% WC 
in 24 h and complete WC in 48 h. This was higher than all other treatments, including FGF-treated cells at 24 h (52% 

Figure 7 Wound closure photomicrograph of Calophyllum inophyllum seed oil (CSO), Tinospora smilacina water extract (TSWE) and CSO nanoemulsion (CTNE) and TSWE 
at 24 h and 48 h in hamster kidney (BSR) cells. (a) Untreated control. (b) Fibroblast growth factors (FGF; positive control). (c) CTNE:62.5 µg/mL. (d) TSWE:22.5 µg/mL. (e) 
CSO: 4.3 µg/mL. Black solid lines represent the wound size (μm) of the BSR cell line monolayer.
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WC). The lowest concentration of CSO treatment (4.38 µg/mL) displayed 46% WC after 24 h and reached 100% WC 
after 48 h. The untreated control group indicates the cells’ natural migration rate without the influence of any samples or 
growth factors.

Discussion
In this study we produced NE combining T. smilacina and C. inophyllum, in order to integrate the bioactive compounds 
of both native plants in a single formulation. The stable NE was characterised in comparison to the native plant 
components. During this process, flavonoid compounds were identified in the TSWE. Seven flavonoids were identified 
by comparing the retention time and chromatogram with previous studies on plant extract flavonoids.35–41 A limitation of 
this study was that the commercial standards were not used for identification due to financial restrictions. However, 
retention time was a standard method for identifying compounds.42 Some of the flavonoids identified in this study have 
previously been isolated and identified from the stems of T. smilacina including columbin, isolariciresinol, dihydrosyr-
ingenin, jateorin, palmatoside F, and menispermacide.43 In addition, the biomedical properties of some of these flavonoid 
compounds, extracted from different plant materials, have been described by previous studies.44 For example, the 
diosmetin 6.8-di-C-glucoside identified in TSWE is a flavonoid found in other medicinal herbs, such as oregano and 
citrus.45,46 Previous studies on diosmetin’s effects reported anti-cancer, anti-inflammatory, and anti-atopic properties.47–49 

Two of the other flavonoid compounds identified in TSWE have been shown to competitively limit tyrosinase activity 
through their ability to chelate metal, resulting in irreversible enzyme inactivation.50,51 Tyrosinase is a commonly 
available copper-containing enzyme that is required for the production of melanin, the biopolymer that provides colours 
for the skin and hair, as well as protects skin from ultraviolet radiation.50 Thus, the presence of bioactive compounds in 
TSWE with potential skin benefits improved the activity of the CTNE.

This study found that D-optimal mixture design and RSM were suitable for describing the interaction between 
mixture components and the optimisation of CTNE formulation. Mixture design is one of the most useful statistical 
techniques to optimise the ingredients found in the formula.52,53 The response surface models explained more than 90% 
of the variation in the response variables studied as a function of the main emulsion components.25 The optimum 
experimental values determined by this study corresponded well with the predicted droplet size and PDI value (Figure 
S1). Based on ANOVA results, the proximity of R2 (0.9513) to unity demonstrated that the influence of CSO (A), Tween 
80 (B) and TSWE: HPW (C) on response variables could be adequately described through a quadratic polynomial model 
(Table S1). The D-optimal mixture design model in this study was similar to that found in previous studies on the 
optimisation NEs in the food54,55 and therapeutic56,57 industries. The importance of a polynomial equation’s regression 
coefficients was frequently examined by P-values.58 Here, the models obtained for responses, droplet size, and PDI were 
subject to ANOVA, wherein significant p-values proved the fitness of the models (< 0.05), the non-significant lack of fit 
(droplet size = 0.0875, PDI = 0.2015) and high value of R2 (droplet size = 0.9971, PDI = 0.9513) (Table S1). The lack of 
fit was non-significant (p ≤ 0.05) relative to pure error for all variables, which indicates that our model was statistically 
accurate.

In this study, mean droplet size optimisation was carried out to develop the optimal NE composition with the smallest 
droplet size. The mean droplet size is one of the most critical characteristics of emulsions, considering it defines its type 
(microemulsion or nanoemulsion), and properties, including the optical stability and viscosity properties.59 The prepared 
emulsions were defined as NEs since the mean droplet size was under 200 nm. At the lower concentration of CSO, 
surfactant molecules were enough to cover the oil droplets and reduce interfacial tension at the o/w interface. As such, 
CTNE droplet size increased at a higher level of CSO. This increase in the droplet size was due to insufficient emulsifiers 
to cover newly developed droplets, which begin coagulation. It has been reported that coagulation decreased once the 
surfactant concentration increased.60 Moreover, it has been determined that emulsions with large droplets are more prone 
to gravity separation/creaming, and high entrapment efficiency of droplets can occur when particle sizes are small.5,61 

This study found that no phase separation during storage and centrifugation, indicating that formulated NE sustained 
stability analyses.62

Another parameter indicative of a homogenous NE system is a low PDI value. During optimisation, the PDI was 
between 0.19–0.65. The highest PDI value was observed when the Tween 80 to CSO ratio was 2.5%. However, by 
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increasing the Tween 80 concentration to 21.3%, the PDI value decreased to 0.19. The presence of the unsaturated non- 
polar tails of the Tween 80 allowed for their molecular packing and free creation of ultrafine droplets at the oil-water 
interface of CTNE, as previously reported by a similar study that used Tween 80.63 The value of PDI should be as low as 
possible, preferably between 0.10−0.25, to describe a narrow size distribution in the system.5

We have previously formulated a NE containing CSO (CSONE). The CSONE was stable and enhanced in biomedical 
tests such as antioxidant activity, cell viability, in vitro wound healing, and antimicrobial activity, compared to the CSO.11 

In the current investigation, we introduced a plant-based water component to the NE in an effort to enhance the properties 
of the plant-based oil NE. When a single compound is added to the o/w NE formulation, it can attach to the outer layer of 
NE or be contained in the oil core, depending on its hydrophilic or lipophilic structure.64 In our study, the phenolic 
compounds present in TSWE could attach to the hydrophilic head of surfactant or be encapsulated in the NE oil phase 
core.65,66 For instance, curcumin is a phenolic compound that is a relatively hydrophobic molecule. A study on 
encapsulation of curcumin in NE formulation demonstrated that the curcumin was entrapped in the core area of NE.67 

When comparing TEM images of CTNE and CSONE,11 some dark spots are attached to the edge of CTNE micelles 
which might be phenolic compounds (Figure S2), compared with the smooth droplet surface seen in CSONE. While the 
TEM provides valuable information on synthesised particle sizes and shapes, it is limited to the morphological 
appearance rather than the inner structure of NEs due to the low contrast of the NE components.

The bioactivity of CTNE was examined for antioxidant activity, cell viability and in vitro wound healing activity, and 
the results compared to those of TSWE and CSO. The CTNE demonstrated higher antioxidant activity than TSWE and 
CSO, indicating that the formulation did not inhibit the antioxidant activity contained in CSO and TSWE. Also, this 
activity was increased in CTNE compared to the CSONE (Figure S3). Both TWSE and CSO contain compounds with the 
potential for antioxidant activity. Flavonoids in TSWE, such as kaempferol-C-glucoside, are high in reducing reactive 
oxygen species and other oxidative stresses.68,69 In CSO, oleanolic acid, a triterpenoid compound, is known to act as 
a potent antioxidant.70 In these complex plant extracts, there may be other contributing compounds. Also, NE formula-
tion would act to reduce droplet size and concordantly increase the specific surface area of CSO. This physical 
transformation could increase efficient free radical absorption. Our results support the probability of using CTNE as 
a natural antioxidant agent.

The MTT cell viability assay was used to confirm the absence of cytotoxic effects on mammalian cells and was 
compared for CTNE, TSWE and CSO. The cell viability in the presence of TSWE was consistently higher than 90%. The 
CSO and CTNE adversely affected cell viability (62–95%) in a concentration-dependent manner. The cell viability in the 
presence of CTNE was consistently but slightly higher than CSO. This may have been due to the presence of TSWE in 
NEs, or the nanostructure, which has been reported to affect cell viability based on size and cell type.71

Despite a small decrease in cell viability, significant wound healing activity was observed for CTNE. Cell viability is 
a critical aspect of controlling the proliferation and migration of the cells during the wound healing process.72,73 Thus, 
based on the cell viability results, CTNE was used at the lowest concentrations in subsequent wound healing tests. At the 
most effective concentration, CTNE resulted in almost complete WC at 24 h, which significantly improved compared to 
the FGF-treated control (p > 0.0001). Both the combination of NE components and NE formulation are proposed to have 
a role in this activity. From our previous study, the formulation of CSO as a NE increased wound healing efficacy 
compared to CSO in the BSR cell line.11 While the effect of CSONE and CTNE have not been directly compared, the 
same methodology was used for both studies. The %WC for CSONE appears similar to that of CTNE, presented here, 
with significant WC at 24 h and complete WC at 48 h.11 The potential role of TSWE in the increasing WC activity of 
CTNE compared to CSONE11 could be due to the availability of flavonoid compounds such as kaempferol, which have 
previously been suggested to play a role in wound healing.74 By comparing the WC in CSONE and CTNE after 48 h, the 
cell migration and density showed an improvement in the CTNE-treated cell group (Figure S4). This investigation of the 
effect on wound healing was limited to the WC assay using a non-human mammalian fibroblast cell line (BSR);32 It is, 
however, commonly used in such work75,76 and suggests further characterisation of relevant human fibroblasts and 
suitable models could be warranted.
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Conclusion
In this study, the preparation of CTNE using a high-shear homogenisation technique to obtain stable NE was conducted. 
This study illustrated RSM as a valuable tool for optimising the cooperative condition of NE and determining the 
relationship between mixture components (CSO, Tween 80 and TSWE: HPW) and two responses (droplet size and PDI 
value). The current study also shows that the D-optimal mixture design effectively described and predicted a stable NE 
fulfilling the 24 ± 5 nm particle size and PDI value of 0.21± 0.02. The CTNE was stable, and its size and features 
remained stable after storage. An optimised CTNE formulation was used for the biological investigation. The formulation 
as a NE had higher antioxidant activity than NE components (CSO and TSWE) by themselves. This activity was also 
higher in CTNE compared to the CSONE. Similarly, CTNE has a greater cell viability effect than NE components after 
interaction with BSR cells. Likewise, the in vitro wound healing assay revealed that CTNE in the lowest concentrations 
was the most effective. Approximately 90% WC was observed in 24 h, which was greater than the FGF group and 
showed complete closure in 48 h. When the WC in CSONE and CTNE were compared after 48 h, the cell migration and 
density improved in the CTNE-treated cell group. This study has demonstrated an innovative approach to enhancing the 
properties of plant-based oil NEs by incorporating a plant-based water component. The resulting combination of water 
and oil extracts, CTNE, exhibits promising potential as stable and bioactive NEs for various biomedical applications.
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