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Abstract

Macadamia husks are an underutilized by-product of nut processing and a rich source of
phenolic compounds with strong antioxidant activity. However, their instability during pro-
cessing, storage, and gastrointestinal digestion limits their application in food systems. This
study aimed to encapsulate macadamia husk phenolic-rich extract (MHPE) in liposomes
to improve stability, enable controlled release, and assess cytotoxicity for functional food
applications. MHPE was encapsulated in soy lecithin liposomes using high-shear mixing
followed by high-pressure homogenisation. Liposomes were characterized by particle
size, polydispersity index (PDI), (-potential, encapsulation efficiency, and morphology.
Cytotoxicity was evaluated using Caco-2 cells, and phenolic release was assessed under sim-
ulated gastrointestinal conditions. MHPE-loaded liposomes exhibited nano-sized particles
(77-78 nm), low PDI (0.21), and high negative (-potential (—43.11 to —47.01 mV) during
two months of storage at 4 °C. Transmission electron microscopy confirmed predominantly
spherical vesicles with sizes consistent with dynamic light scattering measurements. En-
capsulation efficiency remained high (81.50% initially; 73.60% after 28 days). Both free and
extract-loaded liposomes were non-cytotoxic to Caco-2 cells. Encapsulated MHPE showed
slower phenolic release compared with the free extract. Overall, liposomal encapsulation
effectively enhanced the stability and controlled release of macadamia husk phenolics,
supporting their potential use as functional food and nutraceutical ingredients.

Keywords: macadamia husk; phenolic extract; encapsulation; liposome; cytotoxicity;
antioxidants

1. Introduction

Nuts are nutrient-dense foods that contain high levels of unsaturated fats, plant protein,
dietary fibre, vitamins, minerals, and various bioactive phytochemicals [1-6]. Regular nut
consumption has been associated with multiple health benefits, including improved lipid
profiles, reduced oxidative stress, better glycemic control, and a lower risk of cardiovascular
disease and other chronic conditions [5,7,8]. Macadamia nuts are particularly rich in
monounsaturated fatty acids, especially oleic acid, and contain essential micronutrients
such as magnesium, potassium, and vitamin E, along with phenolic compounds that
contribute to their antioxidant capacity [9-13]. Their lipid profile, characterized by a
high proportion of unsaturated fats and low levels of saturated fatty acids, has been
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linked to beneficial effects on cardiovascular health, including reductions in total and LDL
cholesterol [14-16]. In addition, nuts and their by-products (such as husk, shell, leaf, and
flower, among others) have been identified as rich sources of phenolic compounds with
diverse health-promoting properties [2,17-19]. Therefore, incorporating these phenolic
compounds from nut co-products into the human diet is strongly encouraged, as they
may serve as cost-effective natural antioxidants for application in functional foods and
nutraceutical products.

Macadamia is a commercially valuable nut crop cultivated in tropical and subtropical
regions worldwide. The expanding global production of macadamia nuts has resulted in
substantial quantities of agri-industrial by-products, particularly macadamia husk, which
remains largely underutilized [12,20]. Recent studies have demonstrated that macadamia
green husk is a rich source of phenolic compounds, such as phenolic acids, flavonoids, and
proanthocyanidins, which exhibit strong antioxidant activity [21-24]. The reported total
phenolic content (TPC) value for macadamia husk extract is approximately 168 mg of gallic
acid equivalents (GAE)/g dry weight (DW), depending on extraction conditions [25,26].
Comparable or higher values have been reported for other nut husks, such as walnut
husk (85-220 mg GAE/g extract) [27-29], pistachio green hull (~20-49 mg GAE/g) [30,31],
while almond is generally reported in approximately 342 mg of catechin equivalents/g
extract [32]. These by-products are dominated by phenolic acids, flavonoids, and tannin-
type compounds, highlighting their potential as sources of natural antioxidants. Despite
this potential, the application of macadamia husk phenolics as functional food ingredients
is limited.

Phenolic compounds are well known for their antioxidant and health-promoting prop-
erties and are increasingly incorporated into food systems as natural preservatives and
functional ingredients [2,33-35]. However, their practical use is limited by susceptibility to
degradation under processing, storage, and gastrointestinal conditions, including exposure
to various environmental conditions such as heat, light, oxygen, enzymes, and pH varia-
tions [36-39]. In addition, many polyphenols exhibit low intestinal bioavailability, reducing
their bio-functionality [40,41]. Notably, macadamia husk phenolics are dominated by sim-
ple phenolics and flavonoids [21], which are chemically unstable and decompose rapidly
or undergo auto-oxidation when exposed to environmental factors [42]. This composi-
tional profile differs from lipid-rich kernels or protein-rich nut meals and makes the husk
phenolics particularly suitable for encapsulation to preserve their functional properties.

Encapsulation is an effective strategy to overcome the instability of phenolic com-
pounds by enhancing their protection, stability, and delivery in food systems [43,44].
Among encapsulation techniques, liposomes (phospholipid-based vesicles) are particularly
attractive for food applications due to their biocompatibility, biodegradability, non-toxicity,
and ability to encapsulate both hydrophilic and lipophilic compounds [45,46]. Furthermore,
phospholipids contribute to improved phenolic stability by reducing their susceptibility to
oxidative reactions, light and pH-dependent deterioration [47,48]. While liposomal systems
have been widely applied to stabilize phenolic compounds and phenolic-rich extracts
from various plant and agri-food by-products [49-54], their application to macadamia
husk phenolic extract remains unexplored. Although macadamia husk phenolic extract
has previously been encapsulated in nano-emulsion systems [55], such systems differ fun-
damentally from phospholipid-based carriers in structure, interfacial composition, and
gastrointestinal behaviour.

In the existing literature, liposome preparation for phenolic or lipophilic compounds
is predominantly performed using organic solvent-assisted techniques, most commonly
the thin-film hydration method, where lipids are first dissolved in organic solvents and
subsequently rehydrated with an aqueous phase after solvent removal [56-59]. Although
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ethanol is generally regarded as safe (GRAS) for food applications, these approaches still
rely on organic solvents at the lipid dissolution stage. This study employed an aqueous
macadamia husk phenolic extract, from which ethanol had been removed prior to liposome
preparation, and developed an organic solvent-free liposomal system, in which liposome
formation occurred entirely in water without the use of organic solvents at any stage of
lipid dissolution or film formation. We hypothesize that an organic solvent-free, aqueous
soy lecithin liposomal system can efficiently encapsulate macadamia husk phenolic extract,
resulting in physically stable nano-sized vesicles that protect phenolic compounds, enable
sustained gastrointestinal release, and maintain cellular safety, thereby enhancing their
suitability for functional food applications.

In this context, the present study aims to explore the potential of encapsulating
phenolic-rich extracts derived from New Zealand-grown macadamia husk within soy
lecithin liposomes. Specifically, it seeks to examine how liposomal systems can be optimized
to achieve stable and efficient encapsulation of these phenolic compounds. By investigating
the factors influencing colloidal stability, encapsulation capacity, and potential for sustained
delivery, this research provides both practical and theoretical insights that can guide the
design of robust liposomal delivery systems for plant-derived phenolic extracts and other
bioactive mixtures.

2. Materials and Methods
2.1. Materials and Chemicals

Commerecial soy lecithin (Fast Easy Bread—Pure Liquid Soy Lecithin (Food Grade))
was purchased from the local market. Folin-Ciocalteu reagent, sodium carbonate, and 2,2-
Diphenyl-1-picrylhydrazyl (DPPH) were purchased from Sigma-Aldrich, Auckland, New
Zealand. WST-1 cell proliferation reagent was purchased from Abcam. Caco-2 cells were
procured from ATCC (American Tissue Culture Collection, #HTB-37, Manassas, VA, USA).
Minimum essential medium (MEM), fetal bovine serum (FBS), TrypLE, and antibiotics
were procured from Gibco, Invitrogen, Waltham, MA, USA.

2.2. Preparation of Phenolic Extract from Macadamia Husk

Fresh macadamia green husks were freeze-dried and ground into a fine powder.
Phenolic compounds were extracted from the ground macadamia husk (5%, w/v) with
50% aqueous ethanol. The extraction process began with solvent maceration at room
temperature to facilitate diffusion of the solvent into the sample matrix and promote solute
release [60]. Our preliminary results revealed that a mixture of ethanol: water (1:1 v/v) gave
the highest extraction of phenolic compounds; thus, this mixture was used as the solvent for
the preparation of phenolic extracts in this study. After the maceration process, ultrasound
probe-assisted extraction was performed using a high-intensity ultrasonic device equipped
with a sonication probe (50 Hz and 250 W, QSonica, Newtown, CT, USA). The extraction
process was carried out with modifications according to the method specified by Zhang
et al. [21]. The sample mixture was sonicated for three cycles, each lasting three minutes
(total of nine minutes) to minimize excessive heat buildup during extraction, with the
temperature increasing gradually from ambient conditions to approximately 55 °C. The
extracted mixture was centrifuged, and the clear supernatant was collected and stored at
4 °C until further use and analysis.

2.3. Phenolic Content and Antioxidant Capacity

Macadamia husk extract was characterized in terms of its total phenolic content (TPC)
and antioxidant properties. The TPC of macadamia husk extract was assessed by the
Folin—Ciocalteu assay [61]. According to this method, TPC was determined in a 96-well
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transparent plate, following the procedure reported by Rashidinejad and Ahmmed [62],
with slight modifications. Briefly, the crude extract was diluted 1:10 with distilled wa-
ter to ensure the absorbance reading fell within the gallic acid standard curve range
(0-1000 pg/mL). The Folin—Ciocalteu (FC) working solution was prepared by diluting the
reagent 1:10 (v/v) with distilled water. 20 uL samples of the diluted extract or standard
solution were loaded onto the plate and mixed with 100 uL of the FC reagent. After 6 min,
80 uL of 7.5% (w/v) sodium carbonate (Na;CO3) solution was added, and the plate was
incubated in the dark for 30 min. Absorbance was measured at 765 nm using a UV-Vis
microplate reader (Synergy™ 2, BioTek® Instruments, Inc., Winooski, VT, USA). The results
were presented in milligrams of gallic acid equivalents per gram of dry extract (mg GAE/g),
calculated using the gallic acid standard curve.

2.4. DPPH Free Radical Scavenging Activity

The antioxidant potential of the extract was measured using the 2,2-Diphenyl-1-
picrylhydrazyl (DPPH) free radical scavenging assay. The effective concentration (ECsy)
was determined as the concentration required to quench 50% of the DPPH radicals. The
assay is based on the stable free radical of DPPH, which exhibits a strong absorbance at
517 nm. Upon accepting an electron or a hydrogen atom, the radical is reduced and loses
its absorbance, resulting in a visible colour change from purple to yellow. DPPH radical
scavenging activity was measured using a modified version of the method described by
Sembiring et al. [63]. A 10 mM stock solution of DPPH was freshly prepared in absolute
ethanol each day and diluted to a 0.1 mM working solution, which was allowed to equili-
brate for 2 h before use. In a 96-well plate, 5 pL of different concentrations of extract (or
ethanol as a blank) was mixed with 195 uL of the DPPH working solution. The mixture
was allowed to incubate in the dark at room temperature for 30 min. Absorbance was then
measured at 517 nm using a UV-Vis microplate reader (Synergy™ 2, BioTek® Instruments,
Inc., Winooski, VT, USA). The radical scavenging activity was expressed as the percentage
of DPPH radical scavenging activity (%RSA), determined using the following Equation (1):

Absorbance of the control — Absorbance of the sample

oRSA = Absorbance of the control

x 100% (1)

2.5. Preparation of Liposome Loaded with Macadamia Husk Extract

Liposomes were prepared from soy lecithin dispersions according to Rashidinejad
et al. [49] with slight modifications. A phospholipid concentration of 1% (w/v) was selected
based on literature evidence and preliminary screening trials, which demonstrated that
this level provides stable dispersions and high encapsulation efficiency without causing
excessive viscosity or aggregation [49,53,64,65]. Briefly, 20 mL of aqueous extract was
used for the preparation of 100 mL of liposome suspension, resulting in 5 mL of liposome
dispersion containing 1 mL equivalent amount of crude extract. 1% (w/v) soy lecithin was
dispersed in aqueous extract solution. The dispersion was kept at 25 °C overnight to ease
the swelling of the phosphatidylcholine (and other lipids) in lecithin. Subsequently, the
obtained dispersion was first blended using an Ultra-Turrax (Black line, Todtnau, Germany)
at 24,000 rpm for 5 min, and then the coarse liposome dispersion was passed through a
high-pressure homogenizer (Microfluidiser Processor M-110P, Microfluidics, Newton, MA,
USA) five times at a homogenisation pressure of 200 MPa. The homogenisation chamber
was cooled during homogenisation with ice to prevent the heating of samples. Empty
liposomes prepared in distilled water without the extract were used as a control. The
final formulation was selected after preliminary trials evaluating different phospholipid
concentrations and processing conditions to obtain stable dispersions.
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2.6. Characterization of Liposomes
Measurements of Particle Size, Polydispersity Index, and Zeta Potential

Liposomes were characterized in terms of their particle size (z-average), polydisper-
sity index (PDI), and zeta potential ({-potential) using the dynamic light scattering (DLS)
technique (Malvern Zetasizer Pro ZS, Malvern Analytical Limited, Worcestershire, UK).
Before measuring the mean particle diameter, an aliquot of liposomal suspension was
diluted with water (1:10, v/v) to minimize multiple scattering effects. The instrument
reports the mean particle diameter as z-average and provides PDI as an estimate of the
width of the size distribution, with values ranging from 0 (monodisperse) to 1 (polydis-
perse). The C-potential of the liposomes was determined by DLS using undiluted samples,
allowing accurate assessment of the surface electrostatic charge and providing insights
into the colloidal stability of the formulations. All measurements were carried out at 25 °C
with a scattering angle of 173 °C, refractive index of 1.45, and absorbance at 0.001. All
measurements were performed in triplicate.

The size of liposomes with or without extract was further confirmed by transmission
electron microscopy (TEM). TEM analysis was employed to observe the morphology of
liposomes with a negative staining method according to the protocol of Rashidinejad
et al. [49]. Briefly, the liposome suspension was diluted 10-fold with distilled water to
reduce the concentration of the particles. A drop of a water-diluted liposome sample (20 uL)
was placed on a 200-mesh nickel grid (TABB Laboratories Equipment, Berks, UK). The
surplus was removed by filter paper. Then, the sample was negatively stained with one
drop of 2% (w/v) aqueous solution of uranyl acetate. The surplus solution was removed
after 5 min. The sample was air-dried at room temperature prior to imaging the vesicles
using a TEM, operating at an acceleration voltage of 200 KV (FEI Tecnai G2 Biotwin TEM,
Thermo Fisher Scientific, Hillsboro, OR, USA).

2.7. Determination of Encapsulation Efficiency

Encapsulation efficiency (EE) is defined as the ratio of encapsulated compound to
the total amount added to the liposomal dispersion. To determine the percentage of EE
(EE%), free (non-encapsulated) phenolics were removed from the liposomal suspensions by
centrifuging at 4000x ¢ rpm for 15 min using an Amicon® Ultra 10 KDa molecular weight
cutoff (Amicon® /MWCO, Anaheim, CA, USA) ultra-centrifugal membrane filter. The
%EE was determined by calculating the difference between the ratio of initial TPC in the
dispersion and the total non-encapsulated phenolics (TPC) in the filtrate of the liposome
dispersion after ultrafiltration, according to Barekat et al. [66], with some modifications.
The Folin—Ciocalteu method was used to measure the total phenolic content as described
in Section 2.3. The EE% values obtained using centrifugation and the Folin—Ciocalteu
assay should be considered apparent EE, as incomplete separation, possible leakage during
centrifugation, and the non-specific nature of the assay may introduce methodological
bias. Although this assay is widely used to estimate total phenolic content, it is not entirely
specific to phenolic compounds and can respond to other reducing substances present in
the system, such as proteins, sugars, or lipid-associated components [67]. The percentage
of EE was calculated according to the following Equation (2).

TPC in the dispersion — TPC in the supernatant after ultrafiltration

EE% = TPC in the dispersion

x 100% (2)

2.8. Stability Study of the Liposomes

The stability of liposomes with or without phenolic extract was evaluated by observing
the changes in mean particle diameter, PDI, and {-potential of all formulations at 14-day
intervals over a period of 60 days. Encapsulation efficiency (EE%) was calculated over
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four weeks at seven-day intervals. All formulations were stored at 4 °C, and the above-
mentioned measurements were made using the DLS technique (Section Measurements
of Particle Size, Polydispersity Index, and Zeta Potential). Storage at 4 °C was chosen to
simulate typical refrigerated conditions used for many foods, such as beverages, yoghurt
or dairy-based drinks.

2.9. Cell Viability Assay

Cell viability of macadamia husk phenolic extract (MHPE) was determined using the
WST-1 cell proliferation assay reagent (Abcam, Cat. No. ab155902, Cambridge, UK), ac-
cording to the manufacturer’s instructions. Briefly, Caco-2 cells were cultured in minimum
essential media (MEM) supplemented with 10% (v/v) sterile fetal bovine serum (FBS),
1% (v/v) nonessential amino acids (NEAA), and 1% (v/v) PenStrep GlutaMax antibiotics
(Penicillin 10,000 U/mL, Streptomycin 10,000 ng/mL, and GlutaMax 200 mM). The cells
were incubated at 37 °C in a humid atmosphere with 5% CO,, The culture media was
changed every 72 h. Cell confluence was estimated by visual inspection using an optical
microscope. After Caco-2 cells reached 80% confluence in 75 cm? culture flasks, cells were
washed twice with sterile PBS (pH 7.4) and subsequently dissociated from the surface
using TrypLE reagent (Thermos Fisher, Waltham, MA, USA). Cells were plated on a clear,
flat-bottom 96-well plate with a density of 5 x 10* cells/well in 100-uL of complete growth
media/well in Corning Costar® 96-well and incubated at 37 °C overnight.

The next day, the growth media were removed, and the cells were gently washed with
PBS. Cells were separately treated with freshly prepared free extract (1-100 pug/mL) or
2-fold serial diluted MHPE-loaded liposome suspension in growth media and incubated at
37 °C for 48 h. For each treatment, 100 pL of the corresponding concentration or dilution
was added to wells containing cells, and control cells were incubated with growth medium
alone. After 48 h of treatment, 10 uL of WST-1 reagent was added to each well and incubated
at 37 °C for 1 h. The absorbance values were measured at 450 nm with a 630 nm reference
using a microplate reader. The results were expressed as percent cell viability by using
Equation (3). The cells, treated with only media, were considered 100% viable. All assays
were performed in triplicate, and results are shown as pooled means (1 = 9).

absorbance at 450 nm for treated cells

Cell viability (%) = absorbanceat 450 nm for the control x 100% )

2.10. Release of Phenolics from Liposomes

The release behaviour of phenolics from the extract-loaded liposomes in simulated
gastrointestinal conditions was studied. To simulate oral conditions, 5 mL of simulated
salivary fluid (SSF, pH 7.0) containing a-amylase (30 U/mL) (Sigma-Aldrich, St. Louis,
MO, USA) was added to 5 mL of liposomes containing extract (1 mL equivalent amount
of crude extract). The mixture was adjusted to pH 7.0 and placed in a water bath, and
shaken at 100 rpm for 2 min at 37 °C. Subsequently, simulated gastric fluid (SGF, 8 mL)
containing pepsin (2000 U/mL gastric phase) was added to an equal volume of oral bolus,
and HC1 (6.0 M) was used to adjust the pH to 3.0. The mixture was incubated at 37 °C
under continuous agitation at 100 rpm for 120 min. For the intestinal phase, the gastric
chyme (8 mL) was mixed with simulated intestinal fluid (SIF, 8 mL) containing bile salts
(10 mM), and pancreatin (2000 U lipase activity/mL intestinal phase, NaOH (1.0 M) to
adjust the pH to 7.0, and the mixture was incubated at 37 °C under continuous agitation
at 100 rpm for 120 min. In this study, phenolic content was determined at the end of each
digestion phase to evaluate bioaccessibility and stability. For the determination of TPC,
2 mL aliquots of the digesta were collected after 2 min of the oral phase, at which point the
amylase activity was immediately stopped by the addition of HCL
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During the gastric and intestinal phases, samples were collected, and the enzymatic
reactions were quenched by adding the appropriate enzyme inhibitors (pepstatin for gastric
samples and protease inhibitor for intestinal samples). All samples were subsequently
placed on ice to prevent further enzymatic activity before analysis. The phenol content was
determined by the Folin—Ciocalteu method as described in Section 2.3. For comparison, the
free extract was also tested. All assays were performed in triplicate.

2.11. Statistical Analysis

All analytical procedures were performed in triplicate (n = 3) to ensure reliability and
reproducibility of the data. The results are presented as mean values accompanied by the
standard deviation (£5D). Statistical analysis was undertaken using MiniTab software, Ver-
sion 21.3.1. A one-way analysis of variance (ANOVA) was employed to assess differences
among groups, followed by Tukey’s post hoc test to identify specific pairwise comparisons.
A p-value of less than 0.05 was considered indicative of statistical significance. The ECs
indicates the concentration of extract required to scavenge 50% of DPPH free radicals, and
ICs represents the concentration that reduces the viability of Caco-2 cells by 50%.

3. Results and Discussion
3.1. Phenolic Content of Macadamia Husk Extract

A 50% aqueous ethanolic extract of macadamia husk was obtained and characterized
for TPC, antioxidant properties, and cytotoxicity. The extract showed a considerable
value for TPC of 49.92 £+ 0.011 mg GAE/g dry sample, confirming macadamia husk as
a phenolic-rich by-product. Different values of TPC for macadamia husk extract were
reported in various studies, e.g., 18.23 mg GAE/g dry material [21], 45 mg GAE/g dry
weight (DW) sample [68], 86 mg GAE/g DW [24] and 14.3 mg GAE/g extract [69]. The
differences regarding the phenolic content between our findings and those reported in the
literature may be attributed to differences in agro-climatic conditions, extraction solvents,
and techniques [26].

3.2. DPPH Free Radical Scavenging Activity of Macadamia Husk Extract

Antioxidant activity of macadamia husk extract, evaluated using the DPPH free radi-
cal scavenging assay, showed a strong, concentration-dependent response (Figure 1). The
extract exhibited an ECsp of 8.87 ng/mL, indicating high radical scavenging efficiency.
DPPH inhibition increased sharply with increasing extract concentration, reaching ap-
proximately 75% at 10 ug/mL and exceeding 90% at concentrations > 25 pug/mL. At
the highest tested concentration (100 pg/mL), the extract achieved 92.99 £ 0.06% of free
radical scavenging activity, confirming strong antioxidant potential even at low concentra-
tions. Several studies have reported the values of DPPH radical scavenging activity of the
macadamia husk [23,69] expressed as the concentration required to inhibit 50% of radicals
(ICs0; ug/mL) [55]. A comparable high DPPH radical scavenging activity (~95.8 £ 0.6%)
has been reported for macadamia husk extracts [69]. However, the ICs value (64 pg/mL)
reported in the literature for macadamia husk ethanolic extract [55] is substantially higher
than that obtained in the present study, indicating a markedly stronger antioxidant capacity
of the extract produced under the current extraction conditions. The DPPH assay was
selected in this study as a widely accepted and reliable method for evaluating the radical
scavenging activity of polyphenolic compounds. However, chemical-based antioxidant
assays do not fully reflect physiological antioxidant effects. Therefore, future studies will
focus on cellular antioxidant activity to better assess the biological relevance of the extract.
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Figure 1. DPPH free radical-scavenging activity of macadamia husk extract at concentrations ranging
from 0 to 100 pug/mL, expressed as ug of dried sample per mL of assay solution. Values are expressed
as mean + SD (n = 3). Different letters above the bars indicate statistically significant differences
between treatments (p < 0.05).

3.3. Characterization of Liposomes Loaded with Macadamia Husk Extract

The mean particle diameter, PDI, and (-potential of samples were measured to char-
acterize liposomes, and the results are presented in Table 1. Determining the particle size
of lipid vesicles is essential, as smaller diameters can enhance the occlusive effect [70,71],
while particle size more broadly influences the stability, encapsulation capacity, appearance,
texture of the system, and cellular uptake [72-74]. Empty liposomes exhibited a mean di-
ameter of approximately 111 nm and a PDI value of <0.27, while the addition of macadamia
husk extract reduced the mean particle size to ~77 nm with a PDI < 0.21 (Table 1). The
mean particle size observed for liposomes prepared by microfluidization is consistent with
the findings of Akgiin et al. [75] and others, demonstrating small mean liposome diameter
(<150) could be achieved by the microfluidization processing technique [76]. All liposomes
exhibited negative surface charges, whether they contained extract or not, ranging between
—43.11 and —62.55 mV.

Table 1. Characteristics of fresh liposomes, mean particle size, PDI, zeta potential, and encapsulation
efficiency of liposomes with and without macadamia husk extract.

Particle Size

Liposomes PDI ¢-Potential (mV) EE%
(nm)
_Empty 111462 £0.75 0273 £0.011 —62.552 &+ 1.00 -
liposomes
Exlt.raCt'loaded 7758° £034  021°+0001 —4311°+162 8150 +0.22
1posomes

Note: Values are presented as mean values + standard deviation (n = 3). Different superscript letters within the
same column indicate significant differences (p < 0.05) between empty and extract-loaded liposomes.

When compared with other plant extract-loaded liposomal systems reported in the lit-
erature, the MHPE-loaded liposomes demonstrated competitive performance. For example,
liposomes containing grape seed extract have been reported to exhibit particle sizes below
100 nm with encapsulation efficiencies above 80% [65], while olive leaf extract liposomes
typically show encapsulation efficiencies ranging from approximately 30-76% depending
on formulation conditions [77-79]. Trucillo et al. [80] reported that the encapsulation effi-
ciency of total phenolics from olive pomace ranged between 25 and 55%, depending on the
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processing conditions and the phospholipid-to-phenolic ratio. In comparison, the MHPE-
loaded liposomes in the present study achieved a particle size of approximately 78 nm and
an encapsulation efficiency of about 81.5%, together with good colloidal stability. These
results demonstrate that the developed MHPE liposomal system performs comparably to
or better than previously reported systems for phenolic-rich plant extracts.

The incorporation of macadamia husk extract into the liposomes caused a reduction in
the particle size. This may be attributed to interactions between the phenolic compounds
and the phospholipids, which can promote tighter packing within the lipid bilayer [81].
The encapsulation technique employed in this study is suitable for both hydrophilic and
lipophilic bioactive compounds due to the amphiphilic nature of liposomes, whereby
hydrophilic compounds are entrapped in the aqueous core, and lipophilic compounds are
incorporated into the hydrophobic region of the lipid bilayer [82,83]. The observed decrease
in size may therefore be related to the formation of stabilizing interactions, potentially
including covalent or non-covalent bonds, between the phenolics and the lipid components.

Studies have shown that liposome size is strongly influenced by their formulation and
the characteristics of the encapsulated material [64,84]. Our results are in agreement with
several reports in the literature. Jovanovi¢ et al. [85] and Micheletto et al. [86] reported the
reduction in particle size at the incorporation of rosehip (Rosa canina L.) extract and yerba
mate (llex paraguariensis) extract, respectively. The size reduction was also reported for
olive leaf phenolic compounds [77,78] and liposomes loaded with extract from wild thyme
(Thymus serpyllum L.) polyphenols [87]. Furthermore, other scientific findings, such as those
published by Lopez-Pinto et al. [88], have shown that residual ethanol can affect the particle
size of liposomes, thus causing a change in the net charge and contributing to electrostatic
stabilization. In this study, the macadamia husk extract used for encapsulation was initially
obtained using 50% (v/v) aqueous ethanol; following extraction, the ethanol fraction was
removed under reduced pressure using a SpeedVac(Thermo Fisher Scientific, Waltham, MA,
USA), and the concentrated extract was subsequently reconstituted with water to restore
the original solvent ratio. Residual ethanol may have contributed to the observed reduction
in liposome size. Furthermore, the encapsulation of polyphenols may decrease the number
of lipid compounds involved in liposome membrane formation [89,90], resulting in the
formation of smaller particles.

The PDI values for both empty and extract-loaded liposomes were low, demonstrating
that the formulations possessed a highly uniform particle size distribution and suggesting
successful formation of stable nanoscale vesicles. In this study, the soy lecithin liposomal
formulations showed smaller PDI values (<0.27). These values indicate a lower tendency for
aggregation and demonstrate good homogeneity of these colloidal systems. The PDI values
obtained are in agreement with the literature, wherein the PDI of soy lecithin liposomes
with hibiscus extract was ~0.25 [64]. Liposomal dispersity is strongly affected by lipid
composition [86], concentration [64], preparation method, and mixing time. Similarly;,
Trucillo et al. [80] observed that increasing the concentration of bioactive compounds in
liposomes resulted in larger vesicle sizes and higher PDI values with the increasing content
of olive pomace extract-loaded liposomes.

The zeta potential reflects the overall surface charge of the vesicles within the dis-
persion medium and is therefore an important indicator of colloidal stability. This charge
of the particles functions as an electrical barrier that prevents the coalescence of the par-
ticles, thereby contributing to the stability of the suspension [91,92]. The zeta potential
of liposomes prepared without extract was measured at —62.55 mV, whereas for those
prepared with extract was —43.1 mV (Table 1). These highly negative {-potential values
may be related to the presence of phosphatidic acid, an anionic phospholipid commonly
found in crude soybean lecithin. Furthermore, empty liposomes showed a higher surface
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charge than the extract-loaded liposomes. This effect is likely due to interactions between
the phenolic extract and the phospholipid components of the liposomes [93,94]. Phenolic
compounds can participate in electrostatic or hydrogen-bonding interactions with the
negatively charged phosphate groups of phosphatidylcholines. As a result, the incorpo-
ration of the extract may partially neutralize the surface charge, leading to a reduction
in the overall negative (-potential of the extract-loaded liposomes. In general, colloidal
systems with a (-potential greater than +30 mV indicate monodisperse formulations and
exhibit enhanced electrostatic stability, as the strong repulsive forces between particles help
prevent aggregation [89,95-97]. In this study, the measured (-potential values indicate that
electrostatic repulsion between liposomal vesicles plays an important role in maintaining
colloidal stability. The results obtained for (-potential are in agreement with studies by
Micheletto et al. [86] and Gibis et al. [98], where the encapsulation of liposomes containing
grape seed extract was studied.

3.4. Stability of Liposome Formulations

The physicochemical characteristics and stability of MHPE-loaded liposomes were
evaluated, including encapsulation efficiency, particle size, polydispersity index (PDI), and
(-potential during storage. The encapsulation efficiency (EE%) of MHPE in the liposomes
was 81.50%, as reported in Table 1. The outcome suggests that the encapsulation was highly
efficient, resulting in negligible loss of phenolics during the liposome formulation. The
stability of samples was evaluated by measuring EE% at different storage intervals, up to
4 weeks. Liposomes loaded with MHPE remained stable throughout the study period. The
%EE decreased from 81.50% on day 0 to 73.60% on day 28 during storage at 4 °C (Table 2).
In addition, the liposomes exhibited good visual stability, with no sedimentation observed
over the storage period. The changes in encapsulation efficiency and particle size indicate
alterations in liposomal membrane integrity, which may result in gradual phenolic leakage.

Table 2. Changes in encapsulation efficiency of liposomes with macadamia husk extract.

Encapsulation Efficiency (EE%)

Liposomes

EE%—Day 0 EE%—Week 1 EE%—Week 2 EE%—Week 3 EE%—Week 4

Extract-loaded

liposomes

81.50 + 0.22 79.36 = 1.00 78.59 £ 0.65 7441 £ 0.71 73.60 £ 0.14

Note: Values are presented as mean values + standard deviation (1 = 3).

Physical stability is a critical parameter because it reflects the ability of liposomes
to maintain their structural integrity, size distribution, and encapsulation characteristics
during storage. Instability can lead to aggregation, fusion, or leakage of encapsulated
compounds, ultimately reducing the effectiveness of the delivery system. Comparing
extract-loaded liposomes with unloaded formulations allows assessment of whether the
incorporated phenolic extract influences vesicle stability, either by enhancing membrane
rigidity or promoting destabilization. A two-month physical stability study was conducted
for liposome dispersions with and without the extract, and the measured size, PDI, and
(-potential ranges are summarized in Table 2. Samples were stored at 4 °C to minimize
oxidation and lipid hydrolysis. Extract-loaded liposomes exhibited slightly greater stability
compared with unloaded liposomes, which may be attributed to interactions between the
phenolic compounds and the lipid bilayer that can enhance membrane rigidity. Zhang
et al. [99] reported similar findings, suggesting that bioactive compounds can incorporate
into the lipid bilayer and reduce lipid mobility, thereby enhancing vesicle stability and
maintaining stable particle sizes.
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The physical stability of the liposomes was monitored at 14-day intervals over a 60-day
storage period, with particle size, PDI, and (-potential (Figure 2). Entrapment efficiency
(EE%) was also measured for four weeks (Table 2). The particle sizes of all liposomes
did not change drastically during 60 days of storage at 4 °C. As shown in Figure 2a, the
empty liposomes increased from 111.47 £ 0.75 nm on day 0 to 135.87 & 0.61 nm by day 60,
indicating a gradual enlargement of vesicles, likely due to slow aggregation or fusion over
time. In contrast, extract-loaded liposomes showed minimal variation, with particle size
remaining relatively stable between 77.59 & 0.34 and 79.02 & 0.44 nm throughout the study,
demonstrating strong structural integrity. In all samples, the PDI values showed slight
change throughout the 60-day storage at 4 °C, suggesting that the dispersions retained
good homogeneity (Figure 2b).

For empty liposomes, the zeta potential decreased from —62.55 + 1.00 mV to
—57.54 £ 0.73 mV, whereas for extract-loaded liposomes, the zeta potential increased from
—43.11 £1.62mV to —47.01 £ 1.33 mV. Zeta potential of extract-loaded liposomes increased
to —51.92 £ 0.37 by the 28 day and then decreased at —47.76 = 1.27 mV on the 42 days,
followed by a reduction to —47.01 & 1.33 mV on the 60th day. The observed changes in
(-potential during the 60-day storage period are likely attributable to multiple, interrelated
factors that influence the stability and retention of surface charge in liposomal systems.
Over time, lipids within the bilayer may undergo molecular rearrangement or oxidative
degradation of phospholipids, leading to altered surface charge distribution. Additionally,
gradual adsorption or desorption of ions from the surrounding medium can modify the
electrical double layer, thereby shifting the measured (-potential. In extract-loaded lipo-
somes, interactions between phenolic compounds and the polar headgroups of the lipids
may further contribute to charge stabilization. Overall, the stability of particle size, PDI,
and (-potential over the 60 days confirms that the liposomal formulations, particularly
those containing the extract, maintained robust physical stability suitable for long-term
storage and controlled-release applications.

3.5. Morphology of Manufactured Liposomes

TEM imaging was used to confirm the morphology and microstructure of liposomes.
The existence of spherical vesicles was observed in both free and extract-loaded liposomes,
which is consistent with the typical structure of phospholipid-based liposomes presented in
Figure 3. According to the TEM images, no major differences in sizes were observed in the
formulation compared to the sizes measured by DLS. Empty liposomes show dense vesicles
appear uniformly distributed, dispersed vesicles, and most exhibit well-defined, intact
spherical structures (Figure 3a). The absence of large aggregates suggests good colloidal
stability and effective liposome formation under the preparation conditions. The high
packing density indicates a predominance of small unilamellar vesicles (SUVs), which are
common in soy lecithin systems produced by high-energy methods such as sonication or
homogenisation [64,100].

Extract-loaded liposomes show a more heterogeneous population of vesicles, including
both small unilamellar vesicles and larger multilamellar structures (Figure 3b). Some degree
of clustering is visible, which may reflect partial aggregation or fusion events, possibly due
to sample handling or differences in lipid organization. Overall, the TEM images confirm
successful formation of liposomes from soy lecithin, showing typical spherical morphology
with size variability dependent on formulation or processing conditions.
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Figure 2. Mean particle size (a), polydispersity index (b), and zeta potential (c) of liposomes with and
without macadamia husk extract during storage at 4 °C. Values are expressed as mean £ SD (1 = 3).
Different letters indicate significant (p < 0.05) differences among the same liposomes for different
storage times.
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Figure 3. Transmission electron microscopy (TEM) images of liposomes without macadamia husk
phenolic extract (MHPE) (a) and with MHPE (b), obtained at a scale of 500 nm, with magnification of
43,000 and 26,500, respectively.

3.6. Cell Viability of Macadamia Husk Extract

The cytotoxicity of free macadamia husk phenolic extract (MHPE) and MHPE-loaded
liposomes was evaluated in Caco-2 intestinal epithelial cells using a WST-1 cell viability
assay (Figure 4). Exposure to free MHPE at concentrations ranging from 1 to 100 pg/mL
for 48 h did not result in a significant reduction in cell viability (Figure 4a). Cell viability re-
mained comparable to, or slightly higher than, the untreated control at lower concentrations
(1-25 pg/mL), suggesting that MHPE does not adversely affect mitochondrial metabolic
activity within this concentration range. No ICs( value could be determined, as cell viability
did not decrease by 50% at any tested concentration. These findings suggest that the phe-
nolic compounds present in the extract do not exert harmful effects on cellular metabolic
activity at concentrations that are suitable for potential food or nutraceutical applications.

The cytotoxicity of liposomal formulations was evaluated across a lower concentration
range (1.5-50 ug/mlL), reflecting their enhanced cellular interaction and bioavailability
(Figure 4b). Liposome concentrations between 1.5 and 6.25 ug/mL did not significantly
affect cell viability compared with the control (p > 0.05), indicating good biocompatibility
at low doses. However, a statistically significant reduction in viability was observed
at concentrations > 12.5 ug/mL, with approximately 65% viability at 25 pug/mL and
a pronounced decrease (~15%) at 50 pg/mL. Similar concentration-dependent viability
responses have been observed for liposomal and lipid-based nanocarriers in intestinal
epithelial models, where cell viability remains high at lower lipid concentrations but
declines as carrier concentration increases, reflecting enhanced cellular interactions and
uptake at elevated doses [101]. Nonetheless, an empty liposome control at equivalent
phospholipid concentrations was not included in the present study, which limits a definitive
distinction between the effects of the lipid carrier and those of the encapsulated extract.
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Figure 4. Viability of Caco-2 cells treated with free extract (a) and liposomes (b) at different concentra-
tions. Values are expressed as mean =+ SD of nine independent experiments (1 = 9). Different letters
above the bars indicate statistically significant differences (p < 0.05) between treatments.

Importantly, the observed cytotoxicity at higher liposome concentrations does not nec-
essarily reflect the toxicity of the encapsulated phenolics but rather highlights a formulation-
dependent effect related to vesicle concentration and surface interactions with intestinal
epithelial cells [102]. Several studies have demonstrated that empty or phenolic-free lipo-
somes exhibit minimal cytotoxicity toward intestinal cell models (e.g., Caco-2 cells) across a
range of phospholipid concentrations relevant to oral delivery, with noticeable effects only
at substantially higher vesicle loads that exceed typical dietary or nutraceutical exposure
levels [101]. At concentrations relevant for food delivery, liposomal systems are typically
present at substantially lower levels than those inducing cytotoxic effects in vitro. Therefore,
these results emphasize the importance of dosage optimization when designing liposomal
delivery systems for food applications. Collectively, the findings demonstrate that free
MHPE is non-cytotoxic across a broad concentration range, while MHPE-loaded liposomes
exhibit acceptable biocompatibility at low concentrations, supporting their potential use as
safe and effective carriers for phenolic compounds in functional foods.

3.7. In Vitro Release of Phenolics from Liposomes

The release of phenolics from the liposomes loaded with macadamia husk extract and
free extracts was studied in simulated in vitro digestion, and the phenolics released in oral,
gastric, and intestinal phases were quantified by the Folin—Ciocalteu assay (Section 2.3). The
results indicate that phenolic release from encapsulated macadamia husk extract (MHPE)
was significantly lower than that of the free extract during the oral and gastric phases
(Figure 5). In contrast, a substantial increase in TPC was observed in the intestinal phase
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for both treatments, with no significant difference between the encapsulated and free
extracts (p > 0.05). In the oral phase, both samples exhibited relatively low TPC values. The
non-encapsulated extract showed approximately 1.4 mg GAE/mL, whereas the liposomal
formulation released approximately 0.8 mg GAE/mL. This indicates that only a small
proportion of phenolics is released during the short oral digestion, and liposomes likely
protect part of the phenolic content from immediate dilution or enzymatic action.
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Figure 5. Total phenol content (TPC) released from extract (non-encapsulated extract) and extract-
loaded liposomes during the oral, gastric, and intestinal phases of simulated gastrointestinal digestion.
Values are expressed as mean =+ SD (n = 3). Different uppercase letters indicate significant differences
(p < 0.05) for the phenolic content among the digestion phases, while lowercase letters represent
differences between the free extract and encapsulated extract for the released phenolics.

During the gastric phase, the TPC increased moderately for both samples. The free
extract reached approximately 2.0 mg GAE/mL, while the extract-loaded liposomes re-
leased about 1.6 mg GAE/mL. This suggests that acidic conditions and pepsin activity
promote further solubilisation of phenolic compounds. The slightly lower TPC observed
in liposomes reflects partial retention of phenolics within the vesicles, indicating that the
lipid bilayer protects against early release in acidic environments. A significant increase
in TPC was observed during the intestinal phase for both samples. The non-encapsulated
extract achieved approximately 7.5 mg GAE/mL, and the liposomal formulation showed a
comparable release of around 7.4 mg GAE/mL. This sharp rise reflects the major release of
phenolics in the intestinal condition, driven by bile salts and pancreatic enzymes, which is
known to further disrupt lipid-based carriers, leading to extensive liposome breakdown
and complete solubilisation of encapsulated compounds [103,104]. Consequently, both non-
encapsulated and liposomal extracts exhibited similarly high TPC values under intestinal
conditions. Some studies on phenolic-rich extracts (e.g., grape pomace) report that encap-
sulated forms show altered release patterns during digestion compared to free extracts,
but during the intestinal phase, recovered TPC can become comparable or even improved
relative to the free extract. For example, microencapsulated grape pomace extracts showed
increases in total phenolic compound content through simulated digestion and enhanced
bioaccessibility in the intestinal stage compared with free extract [105]. Likewise, study
on red pepper bioactives found that although a much greater percentage of phenolics was
released from the free extract in both gastric and intestinal fluids, the encapsulated extract
still released a high fraction of phenolics during intestinal digestion suggesting that, at that
stage, the difference between free and encapsulated phenolic content becomes smaller (i.e.,
phenolics are highly bioaccessible from both forms in the intestinal phase) [106].
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These observations support the present findings and suggest that intestinal digestion
conditions promote extensive phenolic solubilisation from both free and encapsulated
forms, leading to similarly high TPC values. Importantly, while TPC values were com-
parable, liposomal systems may still enhance phenolic bioaccessibility and absorption,
which cannot be fully captured by the Folin—Ciocalteu assay. The Folin-Ciocélteu method
quantifies total reducing phenolics released into the digestion medium but does not reflect
differences in bioaccessibility, permeability, or cellular uptake, where liposomal delivery
systems may offer significant advantages. Overall, the in vitro digestion results indicate that
liposomal encapsulation delayed the early release of phenolics during the oral and gastric
phases and released efficiently in the intestinal phase, enhancing potential bioaccessibility.

The primary advantage of encapsulation lies in its ability to enhance the stability of
phenolic compounds, reduce premature degradation, and enable controlled release during
gastrointestinal digestion, thereby potentially improving bioaccessibility. The present
findings suggest that liposomal delivery of MHPE represents a promising strategy for
preserving phenolic integrity during gastrointestinal transit while facilitating sustained
release at the intestinal site of absorption. However, conclusions drawn from in vitro
digestion models alone should be interpreted with caution, as the Folin—Ciocéalteu assay
provides a measure of total reducing capacity rather than specific phenolics released into
the digestion medium. Therefore, similar TPC values in the gastric and intestinal phases
may reflect comparable phenolic content between encapsulated and free extract. Further
investigations using liposome-incorporated food matrices and quantification techniques
such as HPLC are required to confirm these results and to better elucidate the behaviour of
liposomal MHPE under realistic food digestion conditions.

4. Conclusions

New Zealand-grown macadamia green husk, an underutilized by-product of nut
processing, represents a valuable source of phenolic compounds with strong antioxidant
activity and negligible cytotoxicity at concentrations relevant for food or nutraceutical
applications. Encapsulation of the extract in liposomes produced stable nanoscale vesicles
with high encapsulation efficiency, narrow size distribution, and long-term structural
stability at 4 °C. In vitro digestion studies demonstrated that liposomes effectively protected
phenolic compounds during the oral and gastric phases while enabling controlled release
under intestinal conditions. Cytotoxicity assays further confirmed the biocompatibility of
both the free extract and extract-loaded liposomes at relevant concentrations. Collectively,
these findings indicate that liposomal delivery is a promising strategy to enhance stability,
bioaccessibility, and controlled release of macadamia husk-derived phenolic antioxidants.
While laboratory-scale production demonstrates the feasibility of this approach, translating
it into industrial-scale applications will require further optimization of processing methods,
phospholipid content, and formulation parameters to ensure stable, high-quality products.
Future studies should investigate functional performance in real food matrices, in vivo
bioavailability, and sensory compatibility to fully realize the potential of these liposomal
formulations for functional food and nutraceutical applications.
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