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Chemotherapeutic drugs are primarily administered to cancer patients via oral or parenteral routes. The use of
transdermal drug delivery could potentially be a better alternative to decrease the dose frequency and severity of adverse
or toxic effects associated with oral or parenteral administration of chemotherapeutic drugs. The transdermal delivery of
drugs has shown to be advantageous for the treatment of highly localized tumors in certain types of breast and skin
cancers. In addition, the transdermal route can be used to deliver low-dose chemotherapeutics in a sustained manner.
The transdermal route can also be utilized for vaccine design in cancer management, for example, vaccines against
cervical cancer. However, the design of transdermal formulations may be challenging in terms of the conjugation
chemistry of the molecules and the sustained and reproducible delivery of therapeutically efficacious doses.
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| 1. Transdermal Delivery

Presently, the global share of transdermal products in pharmaceuticals is worth billions of dollars but is limited to a few
drug molecules . A majority of the commercial transdermal formulations are based on small molecules (molecular weight
less than 500 Da) with moderate lipophilicity (log P between 1 and 4) 2. The advantages of transdermal delivery include
the ease of drug administration and termination, avoidance of injections and hospital visits, avoidance of drug degradation
by gastric pH, enzymes and hepatic first-pass metabolism, and dose-related side effects. All of these advantages make
the transdermal delivery a convenient and compliant administration route for patients EIHI3],

The skin is the largest organ of the body, with a barrier property that is practically impermeable to many external
chemicals, microbes, and particulate matters, including colloidal components [8. Figure 1 depicts the schematic structure
of human skin and major routes of transdermal drug transport (appendageal, transcellular, and intracellular routes). Due to
the lipid rich nature of the stratum corneum (SC), the outermost layer of the skin, only those drugs with moderate lipid
solubility can cross the SC. Even though there are some hydrophilic channels, and pores from the sweat ducts and hair
roots, only the compounds with moderate aqueous and lipid solubility can permeate across the skin for topical and
transdermal delivery 4. The barrier property of the skin widely varies depending on the body site due to the varied
thickness of SC, varied distribution of pores and hair roots, and age of the patient. Due to the varied barrier property, the
transdermal products are specified for application at a particular body site, such as chest, thighs, under ears, underarms,
or scrotum [EI&IL011L]
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Figure 1. Different layers of the skin with three major routes (appendageal, transcellular, and intracellular) of drug
transport. The outermost layer, stratum corneum, is the major barrier for transdermal drug delivery.



The transdermal permeation of a compound is dependent on its molecular size, partition coefficient (oil-water), and
surface charge 2. Based on the porosity of the SC, only those agents with a size less than 36 nm can diffuse through
lipidic or aqueous channels 3], Based on the follicular pore size, particulates below 100 nm accumulate in the sebaceous
glands and hair follicles 24I18l16] The transdermal drug candidate should have adequate solubility in the SC lipid bilayers,
which is the rate-limiting step for drug absorption. Moreover, other factors, such as the melting point, molecular weight, or
molar volume, also influence the permeation of drug across the skin 718 To use the transdermal route, the drug
candidate should have adequate skin permeability, should be potent enough to produce therapeutic drug concentration,
and cause no skin sensitization or irritation. Only, a few drug molecules are suitable for passive transdermal drug
delivery. Table 1 shows the ideal properties of a drug candidate for passive transdermal delivery. All the currently
approved transdermal patches, creams, and liquids are based on drugs that possess these properties. Up to the present
date, there are about twenty drug molecules that have been approved for transdermal administration 22, None of the
drugs belonging to the chemotherapeutic class has been approved for transdermal administration.

Table 1. Ideal physicochemical and pharmaceutical properties for passive transdermal drug delivery 229,

Critical Properties Ideal Limits

Aqueous solubility >1 mg/mL
Lipophilicity (log octanol/water P) >1 and <4

Molecular weight <500 Da

Melting point <200 °C

pH of the saturated aqueous solution 5-9
Daily dose <20 mg
Skin irritation or sensitization None

| 2. Transdermal Chemotherapeutics for Breast Cancer
2.1. Tamoxifen Citrate

Tamoxifen citrate is available in the form of solution (2 mg/mL as a base), and tablets (10 and 20 mg as a base) for oral
administration. It is a trans-isomer of a triphenylethylene derivative, with a molecular weight of 563.6 Da. It acts as a
selective estrogen receptor (ER) modulator that competes with B-estradiol for the alpha-estrogen (ERa), thus inhibiting the
bioactivity of estrogen in breast tissue 2122, |t is used (1) to treat estrogen receptor-positive (ER*'€) metastatic breast
cancer; (2) as an adjuvant to treat patients with early stage ER*'® breast cancer; (3) to decrease the risk of invasive
breast cancer after tumor excision and radiation in women with ductal carcinoma in situ (DCIS); and (4) to decrease the
incidence of breast cancer in women at high risk 2324 The activity of the drug is due to the metabolites 4-
hydroxytamoxifen (4-OHT) and N-desmethyl-4-hydroxytamoxifen (ENX), which are formed by the cytochrome P450
enzymes, CYP2D6 and CYP3A4/5, which have a higher affinity for ERa compared to tamoxifen 2311261,

Although the oral formulation significantly decreases the risk of recurrence of ER*'® DCIS, its use can achieve the
following: (1) activate ERa receptors in the endometrium (increasing the risk of cancer); (2) increase the risk of venous
thromboembolic events; (3) cause vasomotor symptoms and vaginal symptoms such as dryness, discharges, and atrophy
(27112811291 Fyrthermore, the efficacy of oral tamoxifen could be decreased in women with polymorphisms in CYP2D6 and
CYP3A4/5 as this would decrease the levels of tamoxifen’s active metabolites 2226l The topical delivery of 4-OHT gel to
the local tumors was shown to be a suitable alternative for oral delivery, decreasing the risk of systemic adverse effects. A
randomized, pre-surgical trial in pre- and post-menopausal women was conducted by comparing transdermal 4-OHT gel
(4 mgl/day) to the oral tamoxifen (20 mg/day) 4. The results indicated that equivalent concentrations of 4-OHT, i.e., 5.4
and 5.8 ng/g, were obtained in breast tissue biopsy samples from patients treated with oral and transdermal formulation,
respectively. There was no significant correlation between the amount of 4-OHT in the tissue and the plasma in the
transdermal formulation treated group. Thus, using the transdermal route sufficient amount of drug can be delivered to the
target tissue without spiking the 4-OHT concentration in the blood. In contrast, with the oral tamoxifen group, there was a
significant correlation between the concentration of 4-OHT in the plasma and the tissue leading to a spike in drug
concentration, thereby causing systemic side effects. Therefore, the transdermal 4-OHT gel was found to be superior
when compared to oral tamoxifen in localizing 4-OHT in patients with DCIS, thus decreasing the incidence of adverse
systemic side effects, and thereby increasing the patient compliance 2. In other study, Pathan et al. optimized a nano-
emulsion of tamoxifen citrate by using arachis oil, Cremophore EL, and ethanol BY. The solubility of tamoxifen was



highest in arachis oil compared to other oils such as jojoba oil, coconut oil, castor oil and sesame oil. Among different
surfactants and co-surfactants (Labrafil, Tween-80, Cremopore EL, ethanol, butanol, and propanol), Cremophore EL and
ethanol demonstrated a better solubility profile for tamoxifen citrate. The optimized nano-emulsion possessed surfactant
to co-surfactant ratio of 1:1, surfactant to oil ratio of 1:9, and a drug content of 5% w/w. This optimized formulation
displayed a mean droplet size of 68 nm with a polydispersity index (PDI) of 0.125, and viscosity of 201 cP. The flux of
tamoxifen evaluated by using Keshary—Chien diffusion cells across the excised rat skin was found to be 98.98 pg/cm?/h
(B9 However, a control formulation of tamoxifen was not used to compare the efficacy of the formulation. Lin et al. B4
used bioceramic irradiation, with an emissivity of 0.98 at a wavelength of 6 to 14 um, to enhance the transdermal delivery
of tamoxifen. The permeation across cellulose acetate membrane showed that the bioceramic irradiation on water
molecules weakens the hydrogen bond, which decreases the viscosity, thereby enhances the permeation. The study
demonstrated higher permeation of tamoxifen and indomethacin by using bioceramic irradiation compared to the control,
where bioceramics were not used B, Similarly, Lee et al. 22 evaluated the relative efficiency of the skin permeation of 4-
OHT and ENX, using split-thickness human skin. The permeation of ENX across human skin was improved by using oleic
acid as a permeation enhancer. However, the permeation of 4-OHT was significantly lower than that of ENX, even in the
presence of oleic acid B2, Dendrimer-based micelles were prepared by Yang et al. 23 to determine the feasibility of
delivering ENX by the transdermal route. Generally, dendrimer-based drug-delivery systems involve the chemical
conjugation of the drug with the surface groups of dendrimers to increase the drug stability during transport B4l Due to a
limited number of reactive functional groups on ENX, dendrimer conjugation was not feasible. Therefore, PEGylated
dendro-based copolymers (PDCs) that can self-assemble into dendron micelles (DM) were utilized for ENX delivery 331,
The solubility and sequestration of ENX in DM was higher (3% drug loading efficiency, mean size of 48.4 nm), with smaller
and uniform particle size distribution compared to the ENX cationic liposomes (0.1% drug loading efficiency, mean size of
100 nm) made with DOTAP, DMPC and cholesterol at a molar ratio of 2:2:1. Furthermore, cell titer 96 agueous one
solution (MTS) assay in ER*'® MCF-7 and ER™® MDA-MB-231 breast cancer cell lines indicated that the ER-dependent,
anti-proliferative efficacy of ENX was retained after encapsulation in DMs. In contrast to the liposomal formulation, the
permeation of ENX from DMs across rat and human skin were sustained over 6 days. However, the intactness of the skin
at the end of the study was not demonstrated. The flux of the ENX across the skin from DMs was proportional to the
sequestered drug in the DMs. Despite poor drug loading, the liposomes demonstrated the highest permeability coefficient
(Kp 0.0467 cm/h). Moreover, the DMs (size >24 nm) cannot permeate through the aqueous pores of the skin (size <4 nm),
as they have a significantly larger size compared to the aqueous pores of the skin. However, DMs facilitate the
permeation of drugs through the skin by translocating the drug molecules 23,

Lin et al. B3 ysed the liposome—PEG-PEI complex (LPPC) for the transdermal delivery of tamoxifen in vivo in mice
xenograft with BT474 breast cancer cells. The in vitro efficacy of the LPPC-tamoxifen was determined in the breast cancer
cell lines, ER*Y® MCF-7, DT474 and ERV® MDA-MB-231, using the 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium
bromide (MTT assay). Although the ICsg values were not determined, the liposomal formulation significantly reduced the
viability of the ER*V® and ER™V® cell lines. Tamoxifen arrested the proliferation of ER™® breast cancer cell lines in the S
phase of the cell cycle. Furthermore, the study showed that the inhibition of the CIP2A/PP2A/p-Akt (Protein phosphatase
2A (PP2A), a cellular inhibitor of PP2A/CIPP2A, protein kinase B-Akt) signaling pathway was responsible for the inhibition
of ERV¢ cell proliferation. The LPPC-tamoxifen (LPPC/TAM) decreased tumor growth by 82% compared to the control.
LPPC/TAM was also found to effectively inhibit BT474 tumor growth than cream-tamoxifen. In addition, the tissue damage
and pathology of organs induced by LPPC/TAM treatment were assessed. The results in the treated mice showed that
LPPC/TAM did not cause any skin irritation or injury to organs (Figure 2). Overall, the results indicated the feasibility of
using LPPC formulations for the local delivery of tamoxifen in breast cancer cells in an in vivo mouse model 23, Several
research studies demonstrated that local delivery of tamoxifen and its derivatives via transdermal route is possible.
Moreover, the compounds disperse in a gel matrix or in the form of nanomedicines (ethosomes, liposomes, dendrimers,
etc.) and can provide effective drug levels at the tumor sites in animal models.
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Figure 2. Antitumor efficacy of liposome—PEG-PEI complex/Tamoxifen (LPPC/TAM) in BT474-tumor-bearing mice via
transdermal treatment. (a) Following transdermal application of the cream/TAM or LPPC/TAM to the tumor area every day,
the tumor volume was measured with a caliper, and was calculated as L x H x W x 0.5236. The animals were sacrificed
after 60 days of implantation of the 60-day release 17(3-estradiol pellet (n = 5). (b) Observations of the skin in the tumor-
bearing mouse before and after treatment with LPPC/TAM. (c) Histopathological evaluations of the heart, liver, spleen,
lungs, kidneys, and intestines in the LPPC/TAM treatment group. Sections of the tissue were fixed in 10% formaldehyde
overnight, embedded in paraffin and were cut into slices. Later, tissue sections were stained by using H&E. *** p < 0.001.
Reproduced with permission from Lin et al. 2],

2.2. Letrozole

Letrozole is available as 2.5 mg tablets for oral administration. It is a dibenzo nitrile derivative, which has a molecular
weight of 285.3 Da and a log P of 1.27. It is used in the treatment of estrogen-dependent breast cancer. It is a reversible
inhibitor of the enzyme aromatase, which catalyzes the last step in the synthesis of estrogen, thereby blocking the
production of estrogen B84, The oral formulation of letrozole significantly decreases the plasma levels of estrogen 28],
However, estrogen levels in local tissue, such as the breast, can be significantly greater than in the plasma [B6l[S8l[39]
Furthermore, the depletion of circulating estrogens by letrozole can produce vasomotor symptoms and adverse effects on
the bone tissue 28139,

The physicochemical properties and the low dose of letrozole are very favorable for designing a transdermal formulation.
Li et al. 49 determined the concentration of letrozole in plasma, skin, and breast tissue of mice that received oral
suspension (50 mg/kg) or transdermal patch containing 3 mg/5cm? of letrozole. Following the oral administration, letrozole
level in breast tissue and plasma were 0.15-2.38 pg/g and 0.20-4.80 ug/mL, respectively, whereas, after transdermal
administration, the letrozole level was 10.4-49.3 ug/g, 1.6-6.8 pg/g, and 0.35-1.64 pg/mL in the skin, breast tissue, and
plasma, respectively. The oral delivery showed elevated plasma concentration of letrozole compared to the skin. Overall,
the transdermal delivery of letrozole was more efficient, which showed localized delivery to the breast tissue instead of
elevating the plasma concentration of the drug. Moreover, the low systemic levels of letrozole from the patch could
decrease the incidence of the aforementioned adverse effects 49, Lj et al. 4] optimized the delivery from the transdermal
patch of letrozole by using various adhesives, permeation enhancers, and different letrozole concentrations. The
permeation of letrozole through excised rat skin was significantly higher through the patch with adhesive DURO-TAK® 87-
4098, which lacks a carboxyl group, compared to DURO-TAK® 87-2677 and 87-2852, the adhesives with a carboxyl
group. It was speculated that the triazole group of letrozole could interact with the carboxyl group to form hydrogen bonds
(41 which could impede the release of the drug from the adhesive with carboxylic groups. Conventional chemical
enhancers were used to optimize the permeation, and the results indicated that a combination of azone (10%) with
propylene glycol (5%), containing 1.5% of letrozole, was optimal for the adhesive patch 43, Maniyar et al. 42 formulated
spray-dried letrozole (SPD-LET) as a liposomal dispersion in cream for topical delivery to breast cancer tumors. The



liposomal cream, which contained peppermint oil, produced a greater permeation than olive oil. In vitro experiments using
MTT assay indicated that the SPD-LET formulation had superior anti-proliferative activity with lower viability in MDA-MB-
231 (breast cancer) cell line compared to the group treated with plain letrozole cream. Moreover, the in vivo
pharmacokinetic profile in Wistar rats was compared between the plain letrozole cream and SPD-LET cream. The Cpay,
Tmax, and AUC were 11.3 pg/mL, 3 h, and 101.7 pgh/mL for SPD-LET cream, whereas 4.2 yg/mL, 5 h and 37.8 pgh/mL
for plain letrozole cream. Overall, the pharmacokinetic profile of the letrozole liposomal cream was superior to that of plain
letrozole cream. It was assumed that the SPD liposomes contain lipid components that get adsorbed on the SC and
progressively merge into the polar lipids which enhances the drug delivery across the skin 42, The existing literature
suggest that letrozole formulated in the form of a transdermal patch or a liposomal cream are effective to deliver the drug
across the skin into the local tumor tissue, and into the systemic circulation. Since letrozole tablets induce nausea,
vomiting, and hot flashes, transdermal administration could potentially be an alternative to overcome the side effects.

2.3. Anastrozole

Anastrozole is available as 1 mg tablets for oral administration. It is a benzenediacetonitrile derivative and has a molecular
weight of 293.4 Da. It binds to the cytochrome P-450 component of aromatase and reversibly inhibits its activity 431,
Although anastrozole and letrozole belong to the same class of aromatase inhibitors (triazoles that are reversible
aromatase inhibitors), they differ in their pharmacological profile (letrozole seems to be more potent compared to
anastrozole) 3. Similar to letrozole, the physicochemical and pharmacological properties of anastrozole are very
favorable for designing a transdermal formulation. Xi et al. 44 designed an adhesive matrix transdermal patch of
anastrozole, using DURO-TAK® 87-4098, adhesive without the carboxylic group, and 8% isopropyl myristate (IPM).
Anastrozole also contains a triazole moiety as letrozole, which is a hydrogen bond donor and acceptor. It was observed
that DURO-TAK® without carboxylic groups showed higher drug delivery (3.84 times higher) compared to the DURO-
TAK® adhesive patch with a carboxylic group. Among the different penetration enhancers evaluated (i.e., Transcutol®,
IPM, oleic acid, and I-menthol), IPM at a concentration of 8% produced the highest flux (26.13 * 6.75 pg/cm2/h) of
anastrozole across the excised rat abdominal skin. An in vivo study was conducted in mice comparing the oral suspension
(15 mg/kg) and transdermal patch (2 mg/cm?) of anastrozole, where the concentration of drug in skin, muscles, and
plasma were quantified at different time points. Anastrozole delivered by transdermal route localized in the skin and
muscles as a local depot providing sustained plasma level for 12 h, whereas the oral anastrozole was absorbed
systemically and reached a peak plasma concentration within 1 h. The muscle—plasma concentration ratios were 49.06,
43.02, 26.91, 41.48, and 51.29 at a time point of 0.17, 1, 4, 8, and 12 h via transdermal route while the ratios were 0.79,
077, and 1.09 in 0.17, 1, and 4 h via oral route. The results indicated that a sustained delivery of anastrozole from the
patch to the skin and surrounding tumors could be achieved 24, Regenthal et al. 48] formulated a transdermal patch of
anastrozole and compared its pharmacokinetic profile in dogs with the PK results obtained by Mende et al. 48, using the
oral anastrozole formulation (tablets) in human subjects. Silicon matrix BIO-PSA® type 7-4302, ethyl acetate as a solvent,
glycerol as crystallization inhibitor, and CoTran™ 9720 backing film were used in the transdermal patch. The transdermal
patch produced a rapid and linear delivery of anastrozole in beagle dogs within the first 24 h (Cihax = 5.8 ng/mL), and after
reaching a plateau, there was a slow decrease in the next two days 451, The oral tablets of anastrozole produced a rapid,
maximal concentration, whereas the transdermal patch produced a steady release of the anastrozole. The area under the
curve (AUC) for the transdermal anastrozole patch was comparable to the oral formulation, but the half-life of anastrozole
increased 2-fold following the application of the transdermal patch 3. The state of the drug in the patch (i.e.,
homogeneity and crystallinity) significantly affects the drug-release pattern from the patch. It was also shown that ethyl
acetate was superior over other solvents such as THF, DMSO, xylene, ethanol, dioxane, chloroform, and
dichloromethane, owing to its higher drug solubility and compatibility with the adhesives 2. Unlike oral formulations of
anastrozole the transdermal patch does not cause a spike in the plasma drug levels, thereby avoiding the adverse effects
associated with it.

| 3. Transdermal Chemotherapeutics for Melanoma
3.1. Imatinib Mesylate (IM)

Imatinib mesylate (IM) is a benzamide methanesulfonate derivative, which has a molecular weight of 589.7 Da. It is
available as tablets (100 mg and 400 mg) for oral administration. IM is used to treat patients with certain types of chronic
myelogenous leukemia (CML). It binds in an area in the BCR-ABL protein that binds its substrate, ATP, and inhibits the
catalytic transfer of a phosphate group to a specific tyrosine, thus inhibiting the phosphorylation of certain proteins that
mediate the pathophysiology of CML. In addition, imatinib inhibits the protein, c-kit, a Type lll receptor tyrosine kinase



(also known as CD117) that is activated by the endogenous proteins, stem cell factors (SCFs), present in certain types of
tumors 4. The overexpression of c-kit receptors in melanoma increases the expression of the microphthalmia-associated
transcription factor and downregulates the anti-apoptotic protein, Bcl2, thereby promoting cancer progression 48],

Although IM is highly lipophilic (log P 4.38), and has a high dose, researchers have attempted transdermal formulations
for this drug by using carrier systems such as nanoparticles and active permeation techniques. Gold nanoparticles (AuNP)
have been utilized for the delivery of different anticancer molecules, such as cetuximab, gemcitabine, cisplatin, etc.,
primarily by conjugating the drug to the surface of the particles 22, Filon et al. have used both intact and damaged human
skin to demonstrate the route of delivery of nanoparticles following transdermal application is typically paracellular or
appendageal BYBL, For the delivery of IM, Labala et al. 2! used positively charged polymers, polyethylene imine (PEI),
and polystyrene sulfonate (PSS), to coat the gold nanoparticles by using a layer-by-layer strategy that produced stable
gold nanoparticles without a significant increase in the particle size. IM was loaded on gold nanoparticles for active
transdermal delivery, i.e., iontophoretic transport system. Moreover, the typical features of layer-by-layer polymer-coated
AuNPs, such as small particle size (98.5 nm), high surface-charge density, and positive charge (32.3 mV), in combination
with iontophoresis (0.47 mA/cm? for 4 h), make them a suitable candidate for permeation across the skin 2. The loading
efficiency of IM was 28%, which was most likely released via a diffusion-controlled mechanism from the NPs. The
permeation of IM-loaded AuNPs in conjunction with iontophoresis was 6.2-fold higher compared to the passive
application. Moreover, in the cytotoxicity assay, the IM containing nanoparticles produced 80% inhibition of B16F10
melanoma cells at a concentration of 77.5 uM 2. However, the formulations containing PEI should take cytotoxicity of
PEI into account which could be associated with its high density of cationic charge and can also vary depending on the
cell line B3, In another similar study, Labala et al. 24 used a combination anticancer-drug approach, consisting of signal
transduction and activator of transcription factor 3 (STAT3) siRNA with IM in AuNPs coated with multiple layers of
chitosan. The chitosan provides a layer of positive charge, where the negatively charged siRNA could be sandwiched, and
IM encapsulation solely depended on electrostatic interactions and hydrogen bonding, which enhanced the efficiency of
drug loading. The dual drug-loaded nanoparticles, at 130 uM, significantly inhibited the growth of B16F10 melanoma cells
in vitro. The in vivo efficacy of the nanoparticles was determined by using C57BL/6 mice with B16F10 melanoma cells via
transdermal iontophoresis and intra-tumoral routes. The reduction of the tumor weight and volume following treatment via
intra-tumoral route and transdermal route (iontophoresis: 0.5 mA/cm? for 2 h) were not statistically significant. This result
demonstrated comparable efficacy between the iontophoretic treatment and the intra tumoral delivery. To validate the
molecular basis of successful delivery of the STAT3 siRNA, the levels of STAT3 expression were determined by using
Western blots. The expression levels of STAT3 were significantly decreased with the transdermal (iontophoretic)
administration of siRNA-IM AuNps compared to control. However, the drug loading in NPs must be further improved to
ensure maximal delivery by using minimal NPs. The use of other human skin cancer cell lines, along with molecular
markers indicative of cytotoxicity, would help to further validate the development of such novel delivery systems 241, |n
summary, IM showed promising results in a nanoparticle based transdermal formulation. These studies indicate the
possibility to deliver molecules via transdermal route even if the molecule needs to be delivered at a higher dose or has
high lipophilicity.

3.2. Vemurafenib

Vemurafenib is a propane sulfonic acid derivative and has a molecular weight of 489.9 Da. It is available as tablets (240
mg) for oral administration. It is an inhibitor of the kinase activity of the BRAF kinase that has the valine to aspartate
mutation at position 600 (i.e., the BRAF(V600E) kinase) (22, which is present in at least 60% of all melanomas &8, Clinical
studies indicate that the oral formulation of vemurafenib can produce hepatic and renal toxicity BAB8IBAEA emurafenib
is specifically approved for the treatment of metastatic melanoma. Zou et al. 8% evaluated the efficacy of the transdermal
vemurafenib delivered via peptide-modified liposomes, using an in vivo mouse xenograft model. The peptide TD
(ACSSSPSKHCG) was used as a permeation enhancer that transiently opens the paracellular pathway of the skin,
thereby facilitating drug permeation 1. To assess the toxicity profile of the liposomal content, the viability of A375,
B16F10, and HUVEC cells were determined after treating those cell lines with blank liposomes for 72 h followed by MTT
assay. Viability greater than 95% was reported which indicated the non-toxic nature of liposomal content and permeation
enhancer. The in vitro permeation study carried out by using rat abdominal skin showed significantly higher permeation of
vemurafenib from peptide-modified liposomes compared to liposomes without TD. For safety study BALB/c mice were
given liposomal formulation every two days, for 7 days, at a dose of 0.25 mg of vemurafenib via three different routes, i.e.,
tail vein, oral gavage, and transdermal (abdominal region). Histopathological evaluation of kidney, heart, lungs, and liver
showed significant damage to liver, lungs, and kidney in animals treated via oral and intravenous route, but such toxicity
was not observed in the group treated via transdermal route. The in vivo study was carried out using xenograft model
(BABL/c nude male mouse injected subcutaneously with BRAF mutant A375 cells) in which the liposomes containing 0.25
mg of vemurafenib was administered every 2 days, for 18 days, via three different routes oral, tail vein, and transdermal



(daubed at the site of tumor). The tumor weight and tumor volume suppression in the group treated via transdermal route
were much smaller compared to the other routes (oral and intravenous routes) 9. This study exemplifies the possibility to
overcome the oral toxicity of vemurafenib by using transdermal administration as an alternative route. Even though the
oral dose is high, vemurafenib can still be delivered topically to the tumor regions to avoid undue systemic exposures.

3.3. Five-Aminolevulinic Acid (5-ALA) Hydrochloride

Chemically, 5-Aminolevulinic acid (5-ALA) hydrochloride is 5-amino-4-oxo-pentanoic acid hydrochloride with a molecular
weight of 167.59 Da. It is available in the form of a lyophilized powder for oral solution (30 mg/mL), topical gel (10%), and
topical solution (20%). Moreover, 5-ALA is an FDA-approved photodynamic therapy (PDT)—based drug used for the
targeted therapy of cutaneous T-cell lymphoma, basal cell carcinoma, and squamous cell carcinoma €263, pDT is based
on the biotransformation of a prodrug to its active form, using light irradiation ©4. Moreover, 5-ALA is bio-transformed to
protoporphyrin IX (PplX) following irradiation with light, at a wavelength of 635 nm, which induces the formation of reactive
oxygen species, resulting in tumor cell death 3. Although 5-ALA is a small molecule, its permeation across the skin is
limited by its hydrophilic nature. In order to overcome this limitation, Pierre et al. 88! prepared liposomes of size 400 nm,
consisting of ceramides (50%), cholesterol (28%), palmitic acid (17%), and cholesteryl sulfate (5%), that had a similar
composition to the mammalian SC to increase the delivery of 5-ALA across the skin. As expected, only 5.7% of the drug
was encapsulated in the liposomes as 5-ALA is very hydrophilic in nature. The in vitro permeation study was carried out
by using freshly excised rat dorsal skin over 36 h. The total amount of drug permeated and flux across the skin was higher
for aqueous solution (3681 + 104.65 pg and 38.3 + 2.4 pg/cm2h) compared to the liposomal formulation (500.9 + 32.5 ug
and 4.2 + 0.2 pg/cm?h). However, the amount of 5-ALA retained in the dermis and the epidermal layer was significantly
higher for the liposomal formulation of 5-ALA compared to the control (5-ALA solution). Thus the liposomal formulation
helps in localizing the drug around the application site 8], Lin et al. 82 used 1,2 dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) to produce a liposomal formulation of 5-ALA to further increase the entrapment efficacy of the drug in carrier
systems to 15-16%, where the liposome size was 100 nm. In vitro, cytotoxicity assay was carried out in B16F10
melanoma cells, where a light dose of 50 J/cm? was used over 20 min after liposomal treatment. The viability of the cells
was 52% after treatment with 5-ALA liposomes without DPPC whereas the viability was 33% with 5-ALA-DPPC
liposomes. Further, the mitochondrial membrane potential was significantly reduced, and intracellular ROS levels
significantly increased in 5-ALA-DPPC-treated cell lines compared to the 5-ALA liposomes without DPPC. In a mouse
xenograft tumor model (B16F10 cell implanted subcutaneously), the tumor volume was significantly smaller in those
treated with liposomes of 5-ALA compared to control. However, there was no significant difference in tumor volume in 5-
ALA liposome treated, and 5-ALA/DPPC-treated group. Nevertheless, the level of Protoporphyrin IX (PplX) in the tumor
was significantly higher in 5-ALA/DPPC liposome treated group compared to the 5-ALA liposome group indicating the
DPPC enables better permeation of drug across the skin to reach the tumor site 84, In summary, 5-ALA is a hydrophilic
drug that has been used for PDT and researchers made attempts to deliver this drug to the tumor sites as a liposomal
formulation. Due to poor entrapment efficiency of the liposomes, and the larger dose requirements, currently, there are no
effective formulations for topical delivery of 5-ALA. Ethosomes and niosomes are promising delivery systems for
hydrophilic compounds €8l which could serve as potential carriers to deliver 5-ALA across the skin to the tumor sites.

| 4. Plant Product-Based Transdermal Chemotherapeutics
4.1. Curcumin

Curcumin is a polyphenolic constituent of turmeric powder that has various health benefits and antitumor efficacy B2, It
has been postulated that curcumin’s anticancer efficacy could be due to the induction of apoptosis, inhibition of of certain
intracellular transcription factors and the downregulation of various secondary messengers, COX2, c-Jun, nitric oxide
synthase, and matrix metalloproteinase-9 2%, Curcumin is poorly soluble in water leading to poor absorption, which is one
of the reasons for its low oral bioavailability. The other reasons include high instability, rapid metabolism, and rapid
systemic elimination; all of these contribute to low oral bioavailability 1. Lee et al. 2 summarized the nano-formulation
strategy for curcumin and the limitations related to its use as an anticancer therapy. Here, we primarily focus on
discussing recent publications that specifically report using transdermal formulations for the delivery of curcumin. Sun et
al. (28 used hydroxypropyl-B-cyclodextrin (HP-B-CD)-curcumin complexation approach to improve the solubility and
stability of curcumin. The grinding method was used for complexation where the molar ratio of curcumin to HP-B-CD was
1:2. An inclusion efficacy of 97.4% was achieved. The complex was further formulated as a hydrogel with poloxamers 407
and 188. This study demonstrated a 20-fold increase in the water solubility of curcumin along with higher photostability.
The inclusion complex preserves the labile phenol hydroxyl group from degradation. The viability of B16F10 cells after the
treatment with curcumin hydrogel (300 pg/mL) and curcumin-inclusion-complex hydrogel (300 pg/mL) was 83.1% and
15.12% respectively. The higher efficacy of the curcumin inclusion hydrogel was attributed to the enhanced solubility of



the inclusion complex in the hydrogel 23l Jose et al. [/4 used deformable cationic liposomes in combination with
iontophoresis to co-deliver curcumin and STAT3 siRNA. STAT3 is an oncogenic transcription factor that is overexpressed
in various types of cancer, including melanoma 22, Its transcriptional activity can be inhibited by small interference RNA
(siRNA) 8. However, there are significant challenges associated with the delivery of siRNA due to its poor in vivo stability
and penetration across the cell membrane barrier 21, The uptake of liposomes was studied in A431 cells with or without
the endocytosis inhibitors (Chlorpromazine hydrochloride and methyl-B-cyclodextrin). The uptake was reduced when the
inhibitor was used compared to the cells without the endocytosis inhibitor indicating the uptake occurred via Clathrin and
caveolae pathway. MTT assay was carried in A431 cells where the combination of STAT siRNA and curcumin liposomes
(with 250 pM curcumin and 0.5 nM STAT siRNA) showed highest growth inhibition of 72.9% compared to curcumin
liposomes (350 puM) and SiRNA liposomes (1 nM), which showed inhibition of 32.2% and 56.9% respectively. Further
iontophoresis, at a current density of 0.47 mA/cm? for 4 h, was used to enhance the permeation of liposomes across the
porcine ear skin. The group demonstrated 5-fold higher deposition of the curcumin in the skin by using iontophoresis
compared to passive permeation of the liposomes suggesting transdermal delivery of the complex is feasible [Z4],

Several studies suggest that curcumin could target different pathways associated with breast cancer, which can be useful
in the treatment of certain types of breast cancer 8, Recently, studies have been conducted to develop transdermal
delivery of curcumin to the breast tissue. Atlan et al. ¥ proposed the fabrication of disposal bra inserts for the
transdermal delivery of curcumin. Since curcumin is clinically safe up to doses of 8 g/day ¥, they proposed the use of
transferosomes to deliver curcumin in bra inserts as a preventive measure against breast cancer. The authors postulated
that a preventive regimen of curcumin would modulate inflammatory biomarkers, limit ROS-induced damage to existing
breast cells and eliminate incipient abnormal cells before they proliferate, thereby reducing the incidence of breast cancer
79, Abdel-Hafez et al. [BY evaluated the effect of the penetration enhancers (Labrasol®, Transcutol®, limonene, and oleic
acid) on the permeation of curcumin transferosomes by using phosphatidylcholine across the dorsal and abdominal
excised skin of mice. The flux of curcumin from the oleic acid (15.058 pg/cm?h) and Transcutol® (15.678 pg/cm?h)
formulations was higher compared to the flux of curcumin from Labrasol® (10.266 pg/cm?h) and limonene (10.189
ug/cm?h) Y. pyshpalatha et al. Bl formulated nano-sponges of cyclodextrin, using pyromellitic dianhydride as a
crosslinker. The nano-sponges were loaded with curcumin and resveratrol and were dispersed in a carbopol gel for
transdermal delivery. The permeability study across porcine ear skin indicated that the hydrogel with nano-sponges
produced a 10-fold and 2-fold higher permeation of curcumin and resveratrol, respectively, compared to hydrogel
formulation without nano-sponges. The nano-sponge formulation also produced a 7-fold increase in the photostability of
curcumin and resveratrol compared to hydrogel without nano-sponges. MTT assay in MCF-7 cells, treated with a
combination of curcumin and resveratrol nano-sponges in the ratio of 1:1 and 1:3 resulted in ICsq of 15 pg/mL and 10
pg/mL, respectively B, All of these studies indicate that a suitable formulation design not only enhances the transdermal
permeation but also promotes drug stability especially of those drugs, which are photosensitive such as curcumin.

4.2, Resveratrol

Resveratrol is a phenolic antioxidant present in natural foods, such as grapes, wine, berries, nuts, etc. 821 Numerous
studies suggest that resveratrol has anticancer activity in skin, breast, lung, liver, prostate, colon, and ovarian cancers 83,
However, the pharmacokinetic profile of resveratrol is not ideal for therapeutic use. Resveratrol is well absorbed orally by
passive transport (~75%), but it undergoes extensive hepatic metabolism by glucuronidation and sulfate conjugation. In
addition, resveratrol forms complexes with the low-density lipoproteins, plasma proteins such as albumin, leaving less
than 1% resveratrol in the systemic circulation 4. Therefore, there is a need for the development of bioavailable and
efficacious formulations of resveratrol.

Resveratrol, by virtue of its antioxidant properties prevents UV-induced skin damage. In the skin, it inhibits lipid peroxidase
and activation of NFkB 83, Resveratrol skin treatment pre- and post-exposure to UVB light dramatically reduced the skin
damage and skin cancer occurrence B8 In addition to chemo-preventive effects, resveratrol also inhibits tumor
progression by suppressing the growth of skin cancer by inhibiting DNA polymerase and deoxy-ribonucleotide synthesis
and inducing cell-cycle arrest 7. Tsai et al. 88 optimized and evaluated the potential of nanostructured emulsion carriers
composed of isopropyl myristate or caproyl 90 with different surfactants (Brij 35, Tween 80, and L44) for transdermal
delivery of resveratrol. IPM was used as an oily phase. The optimized nanostructured emulsion (size 277 nm and viscosity
5.82 cps) contained IPM (HLB 11.1) with Tween80/Span20 (with an HLB value of 11.16). The skin permeation and
deposition of resveratrol across excised rat skin at the end of 24 h from saturated aqueous resveratrol solution (control)
were 0.79 + 0.78 and 4.26 + 0.58 pyg/cm? whereas it was 276 * 42.3 and 29.4 + 7.7 ug/cm? when optimized nano-
emulsion consisting IPM with Tween80/Span20 was used. There was an 896.2-fold increase in drug permeation and a
10.2-fold increase in skin deposition with the use of nano-emulsion. Bioavailability experiments indicated that orally
administered resveratrol suspension (dose 30 mg/kg) was rapidly metabolized and eliminated from the blood within 10 h



of administration. In contrast, the transdermal administration of resveratrol (dose: 67 mg/kg applied on the shaved
abdomen) produced a steady and prolonged level of resveratrol in the blood with Cax around 25 h 8. Similarly, Hu et al.
(83 ysed a non-aqueous, self-double-emulsifying drug delivery system (SDEDDS) for transdermal delivery of resveratrol.
SDEDDS is based on the principle that the drug is highly soluble in the innermost oily layer but less soluble in the outer
oily layer, followed by the layer of surfactants 29. Solubility of resveratrol in different organic phases (PEG400 <
Transcutol® CG < propylene glycol < ethanol) and natural oils were reported (olive oil < evening primrose oil < aloe oil <
avocado oil < grape seed oil < soybean oil < corn oil < coconut oil.) Evening primrose oil, Polyglycerol polyricinoleate
(PGPR) as a hydrophobic surfactant (8%), Tween 60 (4%) as a hydrophilic surfactant and organic phase constituting
PEG400, propylene glycol, and Transcutol® were used in the optimized formulation. The optimized formulation produced a
biphasic release of the resveratrol, i.e., a burst release followed by a controlled release. The biphasic release was due to
distribution of the drug between the o/o emulsion and the hydrophilic surfactant during homogenization. Although
resveratrol was initially solubilized in the innermost oily layer, the drug is distributed in the outer most layer of the
hydrophilic surfactant during homogenization. The burst release of resveratrol is due to the release of the drug from the
outer layer. In contrast, resveratrol in the inner oily layer was released in a sustained manner. In vitro permeation across
porcine ear skin showed 8.3 fold higher flux and 10 folds higher skin deposition compared to the aqueous solution of
resveratrol 2. Park et al. 21 used chitosan-coated liposomes to enhance the skin permeation of resveratrol. An in vitro
permeation across the full thickness of dorsal mouse skin with chitosan-coated liposome (containing 0.1% resveratrol)
showed a 126.93 ug/cm? (40.42%) permeation of resveratrol over 24h. The uncoated liposomes showed 96.85
pg/cm? (30.85%) permeation. Chitosan imparts a positive charge to the liposomes, which interact with the negative
charge of the SC, thereby facilitating the permeation of the drug carrier system 1. Pentek et al. ¥4 developed a
dendrimer—resveratrol complex by using fourth generation polyamidoamine (PAMAM) dendrimers. This formulation
increased the solubility and stability of resveratrol in aqueous solution and semisolid dosage forms (cream). The in vitro
permeation study carried out by using rat skin showed higher permeation, using dendrimers, as compared to aqueous
solution of the resveratrol. The advantage of using a PAMAM dendrimer compared to the liposomal preparation is that
they are devoid of organic solvents and oils that can be irritating or toxic to the skin 22, Carletto et al. [ formulated
polycaprolactone nano-capsules loaded with resveratrol (mean particle size 150 nm, PDI < 0.2, and encapsulation
efficiency >80%) which are efficient in amorphization of resveratrol and thus improved solubility. With improved solubility,
nano-resveratrol formulation significantly increased cytotoxicity in B16F10 melanoma cells compared to the resveratrol
solution in in vitro study. In a mouse model bearing B16F10 melanoma tumors following 10 days intraperitoneal treatment
(dose 5 mg/kg), the formulation showed decreased tumor volume (2807 mm? in nanocapsule treated, 9656 mm? in control
and 7940 mm? in resveratrol solution treated), increased necrotic area and inflammatory infiltrate of melanoma and thus
prevented metastasis and pulmonary hemorrhage compared to the free resveratrol 23, Palliyage et.al. 24! used the
combination of curcumin with resveratrol and formulated solid lipid nanoparticles (diameter 180.2 + 7.7 nm). The
combination approach showed in vitro potential to stop metastasis in metastatic B16F10 cell lines based on electrical cell-
substrate impedance sensing assay. Further the combination showed synergistic effect in inhibiting the growth of SK-
MEL-28 cells 24, Overall, formulations such as nano-emulsion, liposomes, dendrimers, nano-capsules, etc., have been
proven to enhance the solubility and thus permeability of resveratrol across the skin.
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