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ARTICLE INFO ABSTRACT

Keywords: Hair loss represents a highly traumatic side-effect of chemotherapy treatment, it significantly affects psycho-
Chemo.therapy logical well-being, self-esteem and quality-of-life, with the fear of alopecia causing severe anxiety for cancer
Alopecia patients. While effective in eliminating cancer cells, chemotherapy drugs collaterally damage hair follicles
Nanostructured lipid carriers R . . R . .
Resveratrol resulting in chemotherapy-induced alopecia (CIA). Scalp cooling is a breakthrough treatment for patients, being
Scalp cooling the only clinically proven method to prevent CIA, with 50-65 % of patients experiencing low grade alopecia
Antioxidants (thus negating use of head covers and/or wigs during treatment).

Our recent biological studies showed that optimal cooling effectively protects cells in human hair follicles from
chemotherapy drug-mediated damage, whereas suboptimal cooling is less effective. However, combining cooling
with an antioxidant that blocks reactive oxygen species (ROS) restores this protective effect against
chemotherapy-induced hair follicle damage.

In this study we focused on encapsulating the antioxidant resveratrol (RV) in nanostructured lipid carriers
(NLCs) to optimise follicular targeting as a precursor to scalp cooling. We aimed for a particle size above 200 nm
to limit systemic absorption and found that the nanoparticles had the desired properties when formulated with
propylene glycol dicaprylate as the liquid lipid. RV-loaded NLCs remained stable at 4 °C for >6 months, with less
than 10 % variation in their size, polydispersity index (PDI), and zeta potential (ZP). Transmission electron
microscopy (TEM) confirmed formation of Type I NLCs, featuring imperfect crystals that suggest a disordered
lattice, facilitating RV’s presence as disordered crystals or amorphous clusters within the matrix. Skin deposition
studies demonstrated that RV-loaded NLCs reach the follicular reservoir within 6 h, confirming their potential for
co-application with scalp cooing for combating CIA.

1. Introduction growing and proliferating matrix keratinocytes located in the hair bulb

[3,4]. This can result in considerable hair loss or total alopecia, which

Globally, 20 million people were diagnosed with cancer in 2022, and
this number is projected to rise to over 35 million by 2050 [1,2].The
increasing incidence of cancer diagnoses has led to a rise in the number
of patients requiring first-course chemotherapy that is critical for con-
trolling and eliminating cancer cells but also associated with a height-
ened risk of alopecia. Chemotherapy medications, although effective in
targeting cancer cells, often impact other cells with high proliferative
activity, such as those found in hair follicles, including the rapidly

can significantly affect a patient’s emotional state and overall
quality-of-life. Chemotherapy induced alopecia (CIA) is a highly
devastating side effect for cancer patients that can affect up to 60 % of
those undergoing treatment [5-7]. For many patients, hair loss is not
merely a physical change; it also has a profound psychological and
emotional impact, affecting their self-esteem and identity during an
already challenging time. Its effects frequently result in intense anxiety,
and this can even lead patients to decline treatment because of
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Fig. 1. Key processes involved in hair follicle drug delivery pathway. The
schematic illustrates (1) nanoparticle entry into the hair follicle reservoir and
(2) subsequent penetration through the HF barrier into the neighbouring tissue.
The movement of hair can act as a ‘geared pump’ as the (a) cuticle cells that
have a thickness ranging from 400 to 700 nm can allow particulate substances
of similar dimensions to be transported into the HF; (b) The HF infundibulum,
particularly the lower region, is notable due to the smaller and more frag-
mented corneocytes present, indicating an incomplete barrier that may allow
the penetration of smaller substances; (c) Significant target areas within the
hair follicle include the sebaceous gland, the bulge region containing stem cells,
and the hair matrix cells. (Created in BioRender. Totea, A (2025) https://Bio
Render.com/r69e6gc).

psychological distress [5,8]. Additionally, chemotherapy can induce
alterations in the hair’s structure and texture, leading to changes that
may persist even after treatment concludes. Some patients report that
their hair grows back differently (curlier, coarser or thinner) com-
pounding the emotional challenge posed by the initial hair loss, whilst
(albeit less frequently) chemotherapy treatment can also cause perma-
nent CIA (pCIA). While emotional distress caused by CIA is found in
males as well, it predominantly affects females, as culturally hair loss is
associated with a decline in vitality, strength, and overall health [9,10].
Thus, it is essential for healthcare providers to address these side effects,
offering support and resources that can help patients navigate the
complexities of their treatment journey while maintaining their quality
of life [9,11].

Scalp cooling is the only known effective regulatory authority-
approved intervention for the reduction or prevention of CIA. Scalp
cooling employs cooling (cold) caps supported by continuous-flow
electronically controlled cooling devices that decrease the temperature
of the scalp, ideally between 18 and 22 °C, before, during and post-
chemotherapy treatment. Typically, scalp cooling begins 20-30 min
prior to the chemotherapy infusion and lasts for 20-150 min following
infusion [5,6]. The efficacy of scalp cooling is supported by extensive
clinical studies demonstrating its ability to significantly reduce hair loss,
with a striking 50-65 % of patients developing only low-grade alopecia
[12]. Although scalp cooling can be beneficial, its effectiveness varies
among patients and tends to be diminished when used with certain
highly genotoxic chemotherapy protocols. We propose that this vari-
ability in clinical outcomes may stem from inconsistent cooling of the
scalp in some individuals. Clinical evidence supports this, indicating that
the subcutaneous temperature of the scalp plays a crucial role in treat-
ment success. Notably, scalp skin temperatures during cooling sessions
can differ widely, ranging from approximately 10 °C-31 °C, and
achieving a mean skin temperature around 18 °C has been linked to
improved outcomes [5]. Our prior biological investigations into the
cytoprotective effects of cooling, conducted using in vitro models,
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suggest that the protective mechanism is not solely due to vasocon-
striction, as previously thought [5]. Instead, additional mechanisms,
including the direct reduction of cellular drug uptake, appear to
contribute to the observed effects [6], highlighting the significance of
temperature control in enhancing cooling efficacy against cytotoxicity
[13].

We have recently provided, for the first time, evidence that cooling
‘rescued’ the matrix keratinocytes of human hair follicles (HFs) from
chemotherapy-induced damage by attenuating the generation of reac-
tive oxygen species (ROS) and subsequent oxidative stress, and that this
cytoprotective effect was enhanced via co-application of antioxidants
(AOs). Of note, optimal cooling (18 °C) alone effectively suppressed
intracellular ROS and prevented chemotherapy-induced HF toxicity. By
contract, sub-optimal (26 °C) cooling was less effective at protecting
from such damage. Importantly, we showed that co-treatment with a
panel of antioxidants (which included Resveratrol and N-acetylcysteine)
potentiated the cytoprotective capacity of optimal and, most impor-
tantly, sub-optimal cooling. These findings supported a novel approach
of combination of cooling with antioxidants for combating CIA [14].
Building upon the above evidence that co-application of an antioxidant
dramatically enhances the ability of cooling (optimal and sub-optimal)
to protect HFs from chemotherapy drug-induced damage [14], the
present study has focused on developing a topical nanoparticle-based
formulation aimed at targeted delivery of the antioxidant resveratrol
(RV) to the follicular region of the skin, thus specifically exploring the
potential of targeting RV to HFs as a precursor to scalp cooling to
enhance its efficacy at preventing CIA.

RV, a natural polyphenol found in grapes, berries, and certain nuts, is
recognised for its strong antioxidant properties and potential health
benefits. Its ability to combat oxidative stress makes it a promising
candidate for protecting human HFs from chemotherapy-induced dam-
age [15,16]. Beyond its antioxidant effects,; RV exhibits
anti-inflammatory actions on the scalp, reducing irritation, itching, and
discomfort associated with chemotherapy, thereby promoting a
healthier environment for hair growth and minimising hair loss. Addi-
tionally, RV’s capacity to stimulate collagen production enhances hair
strength and elasticity, decreasing susceptibility to breakage and dam-
age [17,18]. The selection of nanocarriers in our study as an antioxidant
delivery system for RV is based on the skin’s structure as the body’s first
line of defence, and on the physico-chemical properties of the AO. The
skin is a highly protective barrier that allows molecules to penetrate via
two pathways, along the skin appendages and into, or through the
stratum corneum and the underlying tissues (Fig. 1). The skin’s outer-
most layer, the stratum corneum, acts as a vital barrier that prevents the
absorption of many substances, including drugs. This layer is mainly
composed of corneocytes that are flat, non-nucleated, organelle-free
epidermal cells embedded in an extracellular lipid matrix, as well as long
chain ceramides, free fatty acids, triglycerides and cholesterol [9,19].
The lipid organisation in this layer differs from other biological mem-
branes, as its hydration and impermeability are controlled by the intra-
and extracellular compartments, with about 80 % of the encompassing
lipids being nonpolar. The remaining limited hydrophilicity is mostly
due to the presence of hydrophilic groups inside the corneocytes, which
can form hydrogen bonds [9,19-21].

Despite its highly protective role, stratum corneum has some po-
tential routes for drug delivery, such as the HFs [22]. Vellus and ter-
minal hair follicles can act as a shunt in increasing the absorption and
penetration of substances applied onto the skin. By extending deep into
the dermis, the hair follicles provide a target for potential drug ab-
sorption, also acting as a reservoir to maintain drug levels. In the lower
infundibulum, the upper portion of the hair follicle, the corneocytes are
smaller and ‘crumbly’, which renders them more penetrable. In this area
the HF is also surrounded by a wide network of capillaries and a high
density of antigen-presenting immune cells. When a drug penetrates the
skin through the HFs, it firstly goes into the HF reservoir and further
potentially through the barrier of the HF into the neighbouring tissue
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Table 1
Components used in the formulation of ‘blank’ NLCs.

Amount % w/v

Compritol® 888 ATO 2.04
SP Crodamol PC MBAL 0.36
Poloxamer® 188 1.2
Tween 80 0.6

Surfactant monolayer

olid liquid lipid core

Fig. 2. Proposed structure of the formulated RV-loaded NLCs depicting the
incorporation of RV in the solid lipid-liquid lipid core.

Table 2
Chromatographic conditions for the analysis of RV.

HPLC Parameter Details

Gemeni 5 pm C18 110 A (Phenomenex, UK), 150 x 2 mm i.d.
Flow rate 0.5 ml/min

UV detection DAD detector; 305 nm for resveratrol

Column temperature 25°C

Column

Injection 10 pL
Mobile phase A =1 % v/v acetic acid solution & B = methanol
Method Gradient
Run time 20 min
Elution condition Time (min) Mobile phase A (%) Mobile phase B (%)
02:00 80 20
12:00 40 60
15:00 40 60
15:01 80 20
20:00 80 20

[22]. However, the function of the HF as an important site for percu-
taneous absorption is often contentious, as besides the surface area
created by HF openings in the skin, the secretion of sweat and sebum
may delay the absorption of drugs and other xenobiotics [19].

Nanoparticles used for follicular delivery (Fig. 1) improve local
bioavailability through enhanced transport into the HF and sebaceous
glands as well as prolonged residence times. Efficient transport of ma-
terials into the HF depends on the interaction between the drug and the
sebum, but even more importantly, on the choice of vehicle. Generally,
the composition and physicochemical attributes of the nano-sized car-
riers, or their individual components, can either enhance or hinder their
penetration and diffusion through the skin. Likewise, these attributes
may also have an impact on whether they maintain their physical
integrity when they interact with skin components.

Different types of nanoparticles may be employed for follicular drug
delivery such as liposomes, polymeric nanoparticles and lipid nano-
particles [23,24]. Previous studies that focused on follicular drug de-
livery have also demonstrated that scalp massage induces hair shaft
movement which pushes the particles deep into the follicles, which may
increase the follicular penetration of nanoparticles [25]. The size of
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nanoparticles plays a very important role, and it has been reported that
small particles between 200 and 700 nm are able to penetrate through
the skin and deposit around the follicular region [23,26]. Conversely,
nanoparticles smaller than 100 nm may be transported into the systemic
circulation [23,27-30].

The overall aim of this study was to formulate and characterise
nanostructured lipid carriers (NLCs) to incorporate RV, thus providing
an efficient targeted vehicle to deliver the AO to the follicular area of the
skin. In addition to full characterisation of the NLC-based nano-
formulations, the study also evaluated the extent and timing of the
deposition of RV in the skin (including the HF regions) by assessment at
6-h and 24-h post-application of the RV-loaded NLC formulations.

2. Materials and methods
2.1. Materials

Resveratrol (RV) was acquired from Insight Biotechnology Limited
(Wembley, UK). Tween 80 (Polysorbate 80), stearic acid, as well as
HPLC-grade methanol and ethanol were sourced from Fisher Scientific
UK Ltd (Loughborough, UK). Poloxamer® 188 (Pluronic F68) and
eucalyptus oil (purity 100 %) were obtained from Merck Life Science UK
Limited (Gillingham, UK). Compritol® 888 ATO (glyceryl behenate) was
kindly provided by Gattefossée (Nanterre, France). SP Crodamol PC
MBAL (propylene glycol dicaprylate/dicaprate) was generously sup-
plied by Croda International Plc (Goole, UK), whilst oleic acid was a kind
gift by H Foster (Goring-on-Thames, UK). Jojoba oil was purchased from
Oleus (Holland & Barrett, UK).

2.2. Formulation of the nanostructured lipid carriers

‘Blank’ NLCs (without the antioxidant) were prepared via high shear
homogenisation combined with ultrasonic homogenisation, as outlined
in Table 1. Initially the lipid phase containing Compritol® 888 ATO and
SP Crodamol PC MBAL, and the aqueous phase prepared by mixing
Poloxamer® 188, Tween 80 (TW80) and ultra-pure water, were heated
separately to 85 °C and combined under high-shear conditions using
UltraTurrax (T10). This was followed by pulsed ultrasonic homogeni-
sation for 10 min at an amplitude of 60 % (20 s on/20 s off). Different
homogenisation speeds ranging from 10,000 to 30,000 rpm, with or
without ultrasonic homogenisation, were tested to determine the opti-
mum process for the formulation of a stable ‘blank’ NLC dispersion.
Furthermore, the effect of different liquid lipids on the size and poly-
dispersity of the nanoparticle dispersions was also evaluated, with the
incorporation of oleic acid, eucalyptus oil and jojoba oil in the formu-
lation. The same procedure for the formulation of ‘blank’ NLCs was used
to further prepare RV-loaded NLCs, with the incorporation of RV into the
lipid phase, as shown in Fig. 2. Different concentrations of RV were
explored, ranging between 10 and 50 mg, aimed at determining the
physico-chemical properties and stability of the formulated dispersions.

2.3. Determination of the particle size, polydispersity index and zeta
potential

Particle size (PS), polydispersity index (PDI) and zeta potential (ZP)
were measured at 25 °C using dynamic light scattering (DLS) (Zetasizer
Nano ZS; Malvern, Milan, Italy). PS and PDI were measured using
backscatter detection at an angle of 173°, and sample preparation
involved the dilution of the tested formulations with ultra-pure water
(1:100 v/v). Following the same protocol for sample preparation, ZP was
measured under an electrical field of 40 V/cm. All measurements were
conducted in triplicate.

2.4. Stability studies

The stability of the ‘blank’ NLCs and RV-loaded NLCs was assessed
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Fig. 3. The effect of high shear homogenisation speed on both Z-average diameter (nm) and PDI of ‘blank’ formulations prepared (a) in combination with ultrasonic
homogenisation at an amplitude of 60 % (15 min) and (b) without ultrasonic homogenisation (bars represent mean + SD, n = 3).

over 3 months and 6 months respectively based on the changes in their
PS, PDI and ZP upon their storage at 4 °C and/or 25 °C. At monthly
intervals, samples were collected, diluted (1:100 w/v) and analysed
using DLS.

2.5. High performance liquid chromatography

A Shimadzu HPLC system equipped with an auto sampler and a
photodiode array detector was used for assay purposes. The analysis was
carried out using a 15-cm long, 2-mm inner diameter stainless C18
Gemini column from Phenomenex, UK, and a mobile phase of methanol
and acetic acid at gradient concentrations ranging from 20 % to 60 %
methanol. The flow rate was set at 0.5 mL/min and the UV wavelength
at 305 nm, the Ayq, of RV. The chromatographic conditions for the
analysis of RV are summarized in Table 2.

2.5.1. Method validation

The developed reversed phase HPLC method was validated as per
ICH Guideline Q2(R1) by parameters: linearity range, precision, limit of
quantitation (LOQ) and limit of detection (LOD). A good linearity was
successfully achieved in the concentration range of 1 pg/ml to 50 pg/ml.
The regression equation and correlation coefficient were found to y =
155513x — 59632 and R? = 0.9998. LOD and LOQ were determined as
0.7 ng/ml and 1.8 ng/ml respectively using regression analysis from the
calibration curve. The intra and inter day precision was determined from
an assay of freshly prepared 1, 5 and 15 pg/ml standard RV solutions,
repeatedly run on the same day or on three different days. Results were
evaluated statistically in terms of standard deviation (RSD %) and were
lower than 2 % RSD which complies with the acceptable criteria for

quality control of pharmaceutical preparations [31].

2.5.2. Entrapment efficiency

To determine the entrapment efficiency (EE%), each RV-loaded NLC
dispersion was initially centrifuged using an Amicon® Ultra Centrifugal
Filter (MWCO 10,000, Merk, Germany) at 4000 rpm on an Eppendorf™
Centrifuge. After 1 h, 1 ml of the filtered fraction was diluted with
ethanol and further analysed for its RV content using HPLC to determine
the quantity of free RV in the NLC dispersion. The total amount of
antioxidant (free plus encapsulated RV) was obtained by diluting an
aliquot of the dispersion in ethanol. The encapsulated amount of RV was
determined by subtracting the free amount of RV from the total amount
present in the dispersion. Finally, EE% was further calculated as shown
in Equation (1).

[Total amount of RV — Amount of free RV|
Total amount of RV

EEY% = x100 (Equation 1)

2.6. Digital microscopy

Morphological examination of the formulated NLCs was performed
with a 4K VHX-7000 microscope from Keyence (Manchester, UK). A thin
film of each RV-loaded NLC dispersion was allowed to dry out on a glass
slide prior to being analysed.

2.7. Transmission electron microscopy

The surface morphology of the RV loaded and unloaded NLC
dispersion was observed under transmission electron microscopy (TEM)
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dicaprate and eucalyptus oil (bars indicate mean + SD, n = 3).

(Hitachi SU8000). The observations were performed at an accelerating
voltage of 30 kV and working distance of 8 mm, and sample preparation
involved pipetting a drop of the ‘blank’ or RV-loaded NLC dispersion
which was diluted 11 folds with deionised water onto a copper mesh.
The excess sample was removed carefully using centrefeed roll. Urany-
less non-radioactive lanthanide mixture was used as contrasting agent.

2.8. Ex-vivo permeation studies and differential skin stripping

Permeation studies were conducted to quantify the amount of AO
localised in the skin. To mimic topical application of the formulation,
the study was performed using vertical Franz diffusion cells (PermeGear,
USA) with a receptor volume of 15 ml and an orifice area of 3.14 cm?.
Pig ears were obtained from a local slaughterhouse (Medcalf J & E Ltd,
Huddersfield, UK) from a freshly slaughtered pig (used for food con-
sumption). The ears were washed with deionised water and hairs were
trimmed carefully with scissors. The pig ear skin was excised using a
dermatome, as well as scalpel and forceps, and the subcutaneous tissue

Table 3
RV-loading, EE%, MPS, PDI and Zeta for RV-loaded NLC dispersions (n = 3).
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was removed. The average thickness of the skin was ~0.5 mm. The skin
was sliced and frozen (—20 °C) for future use. The receptor phase con-
sisted of ethanol and PBS (pH 7.4) at a ratio of 1:1 v/v at 37 °C and sink
conditions were taken into consideration. The skin was allowed to
equilibrate for at least 1h in PBS (pH 7.4) before the experiment. The
equilibrated skin was then mounted between the donor and receptor
chambers and allowed to further equilibrate for 30 min. 1 ml of RV-
loaded NLC formulation was pipetted into the donor chamber. The
donor chamber and the sampling port were further covered with par-
afilm during the test to minimise evaporation from the receptor cham-
ber. The formulations tested were kept in contact with the tissue for 6-h
or 24-h, whereupon excess formulation was gently removed, and the
skin surface cleaned with dry paper. Further, stratum corneum was
removed using a tape stripping method and the amount of AO present on
the tapes was extracted in ethanol [32,33]. 15 tapes were used in total,
depicting the deposition of the RV as formulation residual on the skin
and in the stratum corneum, represented by Tape 1 and 2-15, respec-
tively [32,34]. Subsequent to differential skin stripping, a drop of
cyanoacrylate adhesive (Gorilla Super Glue®) was placed on the
exposed skin areas. The adhesive was covered with a piece of tape
(Scotch 3M Book Tape®), approx. 1.5 cm wide and 3 c¢cm long under
slight pressure. After 2 min, the cyanoacrylate polymerised, and the tape
piece was removed with one quick movement. One more piece of tape
was further used to strip the skin. The two collected adhesive tapes were
used to determine the amount of AO around the hair follicles. The
remaining skin was homogenised and added to a separate vial con-
taining ethanol to extract the total amount to AO in the leftover skin
[34]. HPLC was used to assess the amount of AO that permeated through
the skin, as well as the AO content in different skin compartments with a
focus on the follicular region. All the assays were conducted in triplicate
(n =3).

An unpaired t-test was performed to compare the levels of RV
deposited in the follicular region between skin samples treated with the
RV-loaded NLC formulation and a control sample.

3. Results and discussion
3.1. Formulation of the ‘blank’ nanostructured lipid carriers

Preliminary investigations concentrated on establishing ’blank’
formulations-devoid of AO (RV)- prepared under various conditions.
These studies were pivotal in achieving the optimal formulation pa-
rameters for follicular AO delivery, with the objective of enhancing
percutaneous absorption and targeting HFs. It has been reported that the
desired particle size is between 200 and 500 nm, as nanoparticles
smaller than 100 nm could (potentially) enter systemic circulation [23,
26-30].

Preliminary formulation indicated that the optimal NLC dispersion
parameters were achieved through high-shear homogenisation at
20,500 rpm, followed by ultrasonic homogenisation at 60 % amplitude
(refer to Fig. 3 a). High-shear homogenisation alone showed limited
efficiency in reducing particle size uniformly (Fig. 3 b), with the lowest
particle size values being achieved upon mixing at 30,000 rpm (2293.0
+ 868.5 nm), where foam formation and product loss was excessive,
demonstrating thus the importance of optimising formulation parame-
ters. The least amount of foam was formed upon high shear

Formulation code RV Loading (mg/ml) EE% Z-average diameter (nm) PDI Zeta (mV) Macroscopic Appearance
RVO1 0.41 90.5 +0.01 206.3 +3.5 0.22 +0.011 —20.1 +0.41 No sedimentation

RVO2 0.68 45.8 +0.13 320.3 +3.3 0.25 +0.011 -17.9 +2.80 No sedimentation

RVO03 1.13 28.9 +0.06 448.2 +0.4 0.24 +0.066 -19.9 +0.42 Sedimentation

RV04 1.48 12.6 +0.40 492.3 +6.3 0.38 +0.013 —18.6 +2.20 Sedimentation

RVO5 1.89 1.5 +0.47 799.2 +10.0 0.53 +0.040 —18.8 +1.64 Sedimentation
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homogenisation at 11,500 rpm and although particle size was large at
2293.0 + 868.5 nm and PDI 0.890 + 0.04 using this process alone, the
addition of ultrasonic homogenisation (amplitude 60 % for 15 min) as a
follow-up step, led to the formation of nanoparticles with a size of 171.0
+ 4.4 nm and PDI of 0.190 + 0.01. PDI values smaller than 0.1 usually
indicate monodisperse samples, while values over or equal to 0.4 suggest
highly polydisperse samples, thus aiming for a PDI no higher than 0.2
ensures that the particles within the sample have a range of sizes, but the
distribution is relatively narrow [35]. Adjusting the amplitude from 60
% to either 50 % or 70 % for ultrasonic homogenisation resulted in a
particle size variation of less than 10 %, producing nanoparticles with
sizes of 157.8 + 1.835 nm and 178.7 + 1.835 nm, respectively. The
increase in amplitude during ultrasonic homogenisation not only caused
the sample to overheat beyond 85 °C but also led to a gradual increase in
particle size of over 10 %, with an 8 % decrease in the PDI values
(Fig. 4). This phenomenon can be explained by transient cavitation ef-
fects induced by ultrasound. While transient cavitation is known to in-
fluence particle mobility and can contribute to particle size reduction
through the breakdown of aggregates, the exact mechanisms responsible
for nanoparticle formation remain under investigation. Elevated tem-
peratures and changes in surface tension resulting from overheating may
facilitate particle rearrangement and promote self-assembly, which can
help prevent further aggregation [36].

The mean particle size and PDI were also greatly affected by the type
of liquid lipid used (see Fig. 5). NLCs are formulated using a combination
of solid and liquid lipids, resulting in an imperfect crystalline structure
due to the inclusion of the liquid lipids. This structural imperfection
facilitates high active compound loading within the lipid matrix, for
which, the wide variety of lipid chemistries and structures enables the
creation of NLCs with diverse properties and the ability to carry different
actives. Nevertheless, multiple studies have demonstrated that the sta-
bility of NLCs is significantly influenced by the type and quantity of
liquid oil incorporated into the lipid matrix [37-39]. Yang et al., 2014
[39] found that increasing the liquid lipid content improves dispersion
stability by reducing the crystallisation and melting points of the lipid
matrix and accelerates polymorphic transformations. These changes in
turn promote the formation of more spherical particles, which tend to
maintain their shape over extended periods, thereby enhancing sus-
pension stability. Thus, the choice of the liquid lipid is crucial for opti-
mising the performance and stability of NLC formulations.

Here, particle size was shown to be larger when oleic acid and
eucalyptus oil were incorporated in the formulation, when compared to
propylene glycol dicaprylate. This may be explained by the relatively
short, saturated chains of the propylene glycol dicaprylate (a diester of
caprylic acid), possibly leading to certain packing and crystallisation
behaviours. On the other hand, eucalyptus oil is a volatile, complex
essential oil with multiple components which can influence lipid matrix
flexibility. Oleic acid is an unsaturated fatty acid that tends to increase
lipid fluidity and can lead to larger or more loosely packed particles. The
increase in particle size aligned with larger PDI values, showing a 28 %
increase in polydispersity for samples formulated with oleic acid and
eucalyptus oil. Overall, the optimum formulation with the right balance
of size and PDI was the one that incorporated propylene glycol dicap-
rylate only as the liquid lipid.

3.2. Formulation of RV loaded NLCs

The RV-loaded NLC dispersion, formulated as described in Section
2.2 with 10 mg RV (RVO01, Table 3), exhibited a mean particle size
diameter of 206.3 4 3.50 nm, PDI 0.22 + 0.01 and ZP -20.1 £ 0.41 mV.
These results imply that the sample was moderately polydisperse and
had good stability, with the particle size diameter potentially being
suitable for follicular antioxidant delivery [23,26]. The gradual incor-
poration of RV in higher amounts into the NLC formulation (up to 2 %
w/w) led to an increase in particle size, which reflects changes in the
encapsulation capacity of the formulated nanoparticles. Apart from the
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changes in the size, the stability of the dispersion started to decline as a
result of unencapsulated RV [40], being suboptimal for RV concentra-
tions in the sample above 1.13 mg/ml. The optimal stability, where no
sedimentation was observed, was at RV concentrations in the sample
below 0.68 mg/ml. In agreement with the size results, PDI was also
shown to be affected by the increase in RV content, remaining under 0.4
for the samples having a RV concentration no higher than 1.13 mg/ml,
showing thus moderate polydispersity. These results are in line with the
entrapment efficiency (EE%) data collected via HPLC as described in
Section 2.6. At a RV sample concentration of 0.41 mg/mL, EE% was at
90.5 + 0.01 %. However, as more AO was incorporated in the formu-
lation, the EE% gradually started to decrease, which could potentially be
due to the lipid matrix reaching its saturation point, causing undissolved
RV to precipitate and form aggregates (clumps). This process can
negatively affect how well the active is trapped inside the carrier and
can also compromise the overall stability of the sample. In fact, for the
final sample formulated with 50 mg RV (RV05), the process of deter-
mining EE% was challenging due to the excessive sample precipitation
blocking the pores of the ultra-purification tubes even after dilution,
forming a cake and potentially leading to inaccurate analysis [41]. This
explains the resulting EE% of 1.5 + 0.47 %, which is not in agreement
with the EE% for the other samples i.e. 90.5 & 0.01 % for sample RV01
which means approx. 9 mg of RV encapsulated, compared to approx. 7.9
mg RV encapsulated in sample RV05.

3.3. Stability studies

3.3.1. ‘Blank’ NLC dispersion

The ‘blank’ NLCs formulated without the AO were shown to have a
particle size diameter of approximately 158.99 + 8.11 nm following DLS
testing (Fig. 6). The PDI was 0.17 + 0.03 suggesting that the size dis-
tribution of the particles in the samples was moderately polydisperse.
The formulated NLCs were shown to exhibit a negatively charged ZP
value of —17.18 + 2.65 mV suggesting that the dispersion may be
relatively stable, with highly stable dispersions expected to have a ZP
higher than +30 mV [34]. The formulated ‘blank’ NLC dispersion was
stable over a 3-month testing period at 4 °C (Fig. 6), with changes in the
particle size diameter, PDI and zeta potential under 10 %.

Upon storage at 25 °C, the ‘blank’ NLC formulation showed moderate
instability, as observed from the increase in size and PDI, to 220.1 +
46.2 nm and 0.25 + 0.04 respectively (Fig. 7). The ’blank’ NLC
dispersion formulated was of a translucent white colour, and no sedi-
mentation was observed at the end of the 3-month testing period under
the tested conditions (4 °C and 25 °C).

3.3.2. RV-loaded NLC dispersion

Overall, the stability assessment of the RV-loaded NLC formulation
RV01 (loaded with 10 mg RV) over 6 months at 4 °C offered key in-
formation about the robustness of the formulation and its potential
storage behaviour. The particle size remained relatively consistent, with
fluctuations under 10 % (Fig. 8). PDI also remained consistent during the
testing period and was between 0.23 and 0.26, while ZP was also shown
to remain stable around —20 mV. Overall, the RV-loaded NLC dispersion
showed promising stability over the 6-months period of testing.

3.4. Microscopy

Digital microscopy provided valuable insights into the morpholog-
ical characteristics of the RV-loaded NLCs (Fig. 9). Increasing the
amount of RV incorporated into the NLC formulations beyond 1.13 mg/
ml made the nanoparticles more readily visible under the microscope,
likely due to enhanced contrast or particle size variations. In these same
samples the distinct crystalline structures of unincorporated RV became
apparent, indicating crystallisation outside the lipid matrix which may
potentially impact the stability and efficacy of the NLC formulations.
This agreed with the DLS and EE% results (Section 3.2) where increased
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aggregation was observed in the samples loaded with higher RV
amounts.

TEM analysis of the ‘blank’ and RV-loaded NLCs revealed notable
differences in their morphology related to the incorporation of RV
(Fig. 10). In the RV-loaded NLC sample RVO01, a distinct structural
feature was observed: a white, crystalline core embedded within the
lipid matrix. This core appeared as a densely packed, electron-dense

region, indicative of crystallised RV. Such a feature was absent in the
‘blank’ NLCs, confirming that RV was successfully encapsulated and
crystallised within the lipid NLCs.

These findings suggest that the formulated RV-loaded NLCs possess a
Type I structure, characterised by imperfect crystals (Fig. 11). The
presence of these imperfect crystals indicates a disordered crystal lattice,
which can enhance AO entrapment by allowing RV to exist within the
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Fig. 10. TEM microscopy images showing the morphology of (a) ‘blank’ NLCs and (b) RV-loaded NLC sample RVOI.

matrix as disordered crystals in molecular form or amorphous clusters.
The inclusion of the liquid lipid (propylene glycol dicaprylate/dicap-
rate) in the formulation contributes to this irregularity of the solid ma-
trix, increasing the capacity for AO incorporation. Previous studies by
Miiller et al. (2002) [42] and Mall et al. (2024) [43] showed that this
structural arrangement may also improve the stability and controlled
release profile of the RV-loaded NLCs.

3.5. Permeation studies

Studies involving differential skin stripping and cyanoacrylate skin
surface biopsy conducted at 6- and 24-h following application on pig
skin of the RV-loaded NLC formulation (RV1, loaded with 10 mg RV)
demonstrated that RV can penetrate to the follicular region of the skin
within 6 h in quantities significantly higher (p < 0.05) than a control
sample (Fig. 13). The control sample was prepared by incorporating RV
at the equivalent amount present in the RV-loaded NLC dispersion (10
mg) in a w/0 emulsion prepared using jojoba oil (7.5 % w/w), SP Cro-
damol PC MBAL (propylene glycol dicaprylate/dicaprate) 15 % w/w,
stearic acid (0.6 % w/w), and Tween 80 (8.5 % w/w).

Fig. 12 depicts the deposition of the RV as formulation residual on
the skin and in the stratum corneum, in addition to the cyanoacrylate
biopsy representing the deposited RV in the HF reservoir. The results
showed the presence of higher amounts of the AO in the stratum cor-
neum and follicular region at 6-h, when compared to the skin analysed
at 24-h. This pattern is corroborated by the data shown in Fig. 13, which
depicts the amount of RV in the residual skin, where similar levels of the
active compound were observed at both time points, 10.02 + 4.14 pg/
ml at 6-h, and 10.85 + 3.24 pg/ml at 24-h. These findings suggest that

‘gv‘ »
:‘; - B Solid lipid

»
d %\‘ Liquid lipid
oot

@ Emulsifier
Fig. 11. Schematic illustration of proposed organisation of the RV-loaded NLCs
demonstrating an imperfect Type I structure.

Resveratrol

RV penetration is most prominent at 6 h, with levels decreasing or sta-
bilising by 24-h. However, it is important to consider that these results
may have been affected by the variability in skin absorption dynamics or
other experimental factors.

The cumulative RV permeation was found to be 46.30 + 18.84 ug/
cm? over 24-h, with a flux of 1.929 + 0.785 pg/cmz/h. The RV flux (J)
was calculated from the quantity of RV, which permeated through the
pig skin membrane, divided by the membrane surface and the time
duration [pg/cm?/h] [44]. As reported in the literature, RV permeation
through skin is low, with Hung et al. (2008) [45] reporting a RV flux
from a saturated solution in pH 6 buffer through female nude mouse skin
of 1.59 + 0.08 nmol/cm?/h (0.36 + 0.02 ng/cm?/h).

Skin permeation experiments after 24-h were also carried out for
samples RV02 (RV concentration 0.68 mg/ml) and RV03 (RV concen-
tration 1.13 mg/ml). The highest RV concentration in the follicular re-
gion was 4.10 pg/cm? of skin, which was recovered from skin treated
with sample RV03 (RV concentration 1.13 mg/ml). This sample
demonstrated moderate stability, accompanied by a significant presence
of free RV in the formulation (Sections 3.2 and 3.4). The amount of RV in
the follicular region was significantly lower (p < 0.05) in the skin
samples treated with the formulations containing a lower amount of RV,
RVO01 (RV concentration 0.41 mg/ml), RV02 (RV concentration 0.68
mg/ml), at 1.54 pg/cm? and 0.62 pg/cm? respectively, which may imply
that to some degree the NLCs may facilitate the permeation into the skin
of the unencapsulated particles due to their ability to interact with the
skin’s structure and properties, potentially disrupting the stratum cor-
neum and facilitating deeper penetration.

Overall, the results highlighted the capabilities of the formulated
NLCs to deliver RV to the follicular region of the skin which is highly
important for the intended use of the formulation in the protection of
HFs from chemotherapeutic agents (Fig. 14). The accumulation of RV in
both the epidermis and dermis was similar at both 6-h and 24-h
demonstrating the rapid permeation of the particles into the skin and
the release of RV in the skin appendages, such as HFs and glands as
primary sites for nanoparticle deposition, allowing entry until nano-
particle degradation occurs. The enhanced penetration of NLCs is likely
attributed to their smaller particle size and lower surface charge, which
facilitate deeper tissue infiltration.

It is reasonable to assume that lipid nanoparticles can interact with
cutaneous lipids in the skin and even potentially melt, leaving behind a
lipid film with moisturising effects. At the same time, these nano-
particles can also penetrate the skin and its appendages, and it should be
noted that hydrated skin is more permeable than dry skin, thus enabling
the release of active ingredients from these lipid nanoparticles and
establishing a sustained-release depot [19].
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Fig. 14. RV amount in hair follicles after the application on skin surface for 24-
h of samples RV01, RV02 and RV03 with a RV content of 0.41 mg/ml, 0.68 mg/
ml and 1.13 mg/ml, respectively (0.618 + 0.147 pg/cm? for Sample RVO1,
1.544 + 0.673 pg/cm? for Sample RVO2 and 4.102 + 0.764 pg/cm? for Sam-
ple RVO03).

4. Conclusions

Our successful development of RV-loaded NLCs presents a promising
strategy to enhance scalp cooling efficacy in preventing CIA. By opti-
mising particle size and formulation stability, these NLCs effectively
target hair follicle reservoirs, offering a localised antioxidant delivery
combined with scalp cooling approach to mitigate follicular damage and
thus hair loss. This innovative combinatorial approach holds the po-
tential to improve patient outcomes by enhancing the clinical efficacy of
scalp cooling and preventing the psychological impact of CIA. Future
studies will be essential to evaluate the effectiveness of RV-loaded NLCs
topically applied in conjunction with scalp cooling protocols in cancer
chemotherapy patients, paving the way for comprehensive and patient-
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centric care for hair preservation therapies during treatment. This
approach also offers the exciting opportunity of developing further
formulation types to encapsulate different antioxidants, thus tailoring
antioxidant-plus-cooling combinations to specific chemotherapy drug
regimens to maximise HF protection, reduce or prevent CIA, and
transform the quality-of-life for patients worldwide thus ‘changing the
face of cancer’.
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