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Abstract

A potential topical psoriasis therapy has been developed consisting of tyrosine-derived
nanospheres (TyroSpheres) with encapsulated anti-proliferative paclitaxel. TyroSpheres provide
enhancement of paclitaxel solubility (almost 4,000 times greater than PBS) by effective
encapsulation and enable sustained, dose-controlled release over 72 hours under conditions
mimicking skin permeation. TyroSpheres offer potential in the treatment of psoriasis, a disease
resulting from over-proliferation of keratinocytes in the basal layer of the epidermis, by (a)
enabling delivery of paclitaxel into the epidermis at concentrations >100 ng/cm? of skin surface
area and (b) enhancing the cytotoxicity of loaded paclitaxel to human keratinocytes (ICsg of
paclitaxel-TyroSpheres was approximately 45% lower than that of free paclitaxel). TyroSpheres
were incorporated into a gel-like viscous formulation to improve their flow characteristics with no
impact on homogeneity, release or skin distribution of the payload. The findings reported here
confirm that the TyroSpheres provide a platform for paclitaxel topical administration allowing
skin drug localization and minimal systemic escape.
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1. Introduction

Psoriasis is a chronic inflammatory disease of the skin that, according to the National
Psoriasis Foundation, affects approximately 125 million people worldwide. The most
common form of psoriasis is characterized by pink colored plaques and white flakes
appearing on top of the skin. The pathogenesis of psoriasis has still not been completely
elucidated. It is generally accepted that initial stimulation of dermal dendritic cells results in
a cascade of events that leads to an interaction between epidermal keratinocytes and the
immune system [1, 2]. The immune system upregulates the production of cytokines, which
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in-turn leads to over-proliferation of keratinocytes at the basal layer of the epidermis and the
overall inflammation associated with psoriasis lesion formation [2].

Treatment options for psoriasis are based on the severity of the disease. Patients with
moderate to severe cases of psoriasis typically receive systemic treatments (e.g. anticancer
agents such as methotrexate, immune system suppressants such as cyclosporine, or
biological agents) or phototherapy, while those with more mild cases are generally
prescribed topical agents including vitamin analogs, corticosteroids, and retinoids [3].
Unfortunately, each treatment option is associated with side effects such as toxicity for
systemic options, carcinogenicity associated with phototherapy, and skin thinning and
irritation for the topical options. Based on the understanding of the disease pathology and
outcomes of the current therapies, the next generation of psoriasis treatments should, most
likely, combine the benefits of (a) topical application, which permits significant drug
concentration in the skin strata as well as limiting or eliminating side effects associated with
systemic exposure, with (b) therapeutics that control and reduce the over involved in the
origination and progression of psoriasis.

Paclitaxel (PTX), a mitotic inhibitor that promotes the assembly and stabilization of
microtubules, resulting in eventual cell death [4], is used commonly in cancer chemotherapy
to help regulate rapidly proliferating cells. This ability to inhibit cell division should also
enable PTX to address the hyperproliferative pathophysiologic process in psoriasis.
However, the low aqueous solubility of PTX [5] limits its wide clinical use. In order to
address this issue, a number of formulations and delivery systems for PTX including but not
limited to Cremophor [6], nanoparticles [4, 7, 8], liposomes [9], emulsions [10], and foams
[11] have been investigated. To the best of our knowledge only one instance has been
reported using a PTX delivery system for the treatment of psoriasis. In this case, PTX-
nanoparticles composed of poly (d,I-lactide) and methoxypolyethylene co-polymers were
administered systemically, resulting in the reduction of disease severity and reduced
epidermal thickness [12]. Although data showed promise, adverse events were reported
including cases of fatigue, infusion reactions, and alopecia [12].

In order to develop a topical, skin-targeted PTX formulation with reduced side effects, we
propose the use of the previously reported tyrosine-derived nanospheres for the delivery of
PTX. These nanospheres (now referred to as “TyroSpheres” and in previous publications as
“NSP”), are composed of the tyrosine-derived block copolymer poly(ethylene glycol)-4-
oligo(desaminotyrosyl-tyrosine octyl ester suberate)-5-poly(ethylene glycol), shown in
Scheme 1. Several recent studies using TyroSpheres have demonstrated their ability to (a)
efficiently encapsulate PTX [13], (b) retain the activity of the encapsulated drug [13, 14], (¢)
efficiently deliver a wide range of hydrophobic compounds into the skin [15, 16], and (d)
cause no detrimental effects to skin morphology [15].

Since the TyroSphere preparation is an aqueous suspension, the flow characteristics are very
similar to that of water and are therefore not ideal for topical administration. This has been
addressed by increasing the viscosity of the TyroSphere formulation with hydroxypropyl
methylcellulose, a pharmaceutically acceptable thickening agent [15].

Based on the potential effectiveness of PTX in the treatment of psoriasis and the safety and
effectiveness of TyroSpheres in topical delivery, the aim of this study is to evaluate the
applicability of PTX-TyroSpheres for psoriasis treatment. These studies include formulation
development and optimization, investigation of cytotoxicity of PTX-TyroSpheres using a
keratinocyte cell-line, and quantifying the extent of PTX delivery into the epidermis and
dermis via an /n vitro method utilizing mass spectrometry.
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2. Materials and methods

2.1. Materials

Suberic acid (SA), poly(ethylene glycol) monomethyl ether MW 5000 (PEG5K), Tween-80,
Dimethyl sulfoxide (DMSQ), and dulbecco’s phosphate buffered saline (PBS) were obtained
from Sigma Aldrich (St. Louis, MO). Acetonitrile, methanol, and HPLC grade water were
obtained from Fisher Scientific (Pittsburgh, PA). Paclitaxel was obtained from LC
Laboratories (Woburn, MA). Hydroxypropyl methylcellulose (Methocel K15M, ~500kDa)
was obtained from Colorcon (West Point, PA). Desaminotyrosyl-tyrosine octyl ester (DTO)
and 4-dimethylaminopridinium-p-toluene sulfate (DPTs) were synthesized according to
previously published and established procedures in the New Jersey Center for Biomaterials
and their chemical structure and purity were confirmed by IH NMR. Dulbecco’s modified
eagle medium, high glucose (DMEM), Penicillin (10,000 units/mL) and Streptomycin
(10,000 pg/mL) (pen/strep), Trypsin (0.25% Trypsin-EDTA), and Dulbecco’s phosphate
buffered saline without calcium chloride and magnesium chloride (DPBS) were purchased
from Invitrogen (Grand Island, NY). 10% heat-inactivated Fetal Calf Serum (FCS) was
obtained from Atlanta Biologicals (Lawrenceville, GA). Hyclone Trypan Blue (0.2 uM) was
ordered from Thermo Scientific (South Logan, UT). AlamarBlue® Reagent was obtained
from AbD Serotec (Raleigh, NC). All reagents were used as received.

2.2. Polymer synthesis and preparation of PTX-TyroSpheres and drug free TyroSpheres

ABA triblock copolymer PEG5K-4-oligo(desaminotyrosyl-tyrosine octyl ester suberate)- -
PEG5K (DTO-SA/5K, Scheme 1) was synthesized and characterized as previously reported
[13, 17]. PTX-TyroSpheres and drug free TyroSpheres were prepared and purified as
previously reported unless specified below [13, 14].

2.3. TyroSpheres and PTX-TyroSpheres characterization

2.3.1. Size and size distribution—Particle size and polydispersity index (PDI) of drug-
free TyroSpheres and PTX-TyroSpheres were established using dynamic light scattering
(Beckman Coulter Delsa™ Nano). Samples were measured at 25°C at concentrations of
approximately 10 mg/mL polymer. The TyroSphere suspensions were examined by
normalized intensity distribution by the CONTIN method for cumulants, size distribution,
and polydispersity. All measurements were performed in triplicates with average of 50
measurements recorded per replicate.

2.3.2. PTX HPLC method—A Hewlett-Packard 1100 series HPLC with diode array
detector and HP Chemstation software was used for PTX method validation. Optimized
chromatographic conditions include: column — Agilent Eclipse XDB-C18, 4.6 x 150 mm, 5
um particle size; column temperature at 25°C; 20 pL injection volume; detection wavelength
set at 230 nm; mobile phase consisted of acetonitrile : HPLC water (65:35 v/v, isocratic);
flow rate of 0.75 mL/min; and run time of 8 minutes. Standard calibration curve was
prepared at concentrations ranging from 0.4 to 100 pg/mL. Within- and between-day
precision and accuracy determination of quality control samples were better than an RSD of
2% across the range of the calibration curve.

2.3.3. PTX encapsulation efficiency—PTX concentration in the final purified PTX-
TyroSpheres was measured using previously established extraction [13] and HPLC
techniques (described above). PTX entrapment by the TyroSpheres was characterized by
two calculated ratios:

J Control Release. Author manuscript; available in PMC 2013 October 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vVd-HIN

Kilfoyle et al. Page 4

mass of PTX in the TyroSpheres
mass of PTX in the feed

Binding Efficiency(BE)%= x 100%  (Equation 1)

mass of PTX in the TyroSpheres

Loading E 1 LE)%=
oading Efficiency(LE)% mass of TyroSpheres

x 100%  (Equation 2)

2.4. PTX solubility in different matrices

The solubility of PTX in aqueous media was measured to allow comparison with the amount
of PTX "solubilized" in TyroSpheres. Excess PTX was added to PBS (pH 7.4) containing
surfactant Tween 80 (0-1% wi/v). Samples were vortexed and placed in a shaking water bath
(120 rpm) at 37 °C. After 48 hours, samples were filtered through 0.22 um filters (PTFE,
Puradisc Syringe Filters, Fisher Scientific) to remove non-solubilized drug, lyophilized, and
re-dissolved in methanol. HPLC was used to establish PTX concentration in these different
media. All tests and measurements were performed in duplicate.

2.5. In vitro release of PTX from PTX-TyroSpheres

Release of PTX from PTX-TyroSpheres was measured using two independent techniques:
dialysis cassettes and vertical glass Franz diffusion cells (Logan Instruments, Somerset, NJ).
All experiments utilized 10K MWCO cellulose dialysis membranes (Spectrum Laboratories,
Rancho Dominguez, CA) separating the dialysis outer solution / receptor and dialysis
cassette / donor compartments. In both methods, PTX-TyroSpheres were diluted with PBS
(to obtain PTX concentrations reported below) and added to the dialysis cassette or donor
compartment. At pre-determined time-points (up to 72 hours), the contents of the dialysis
outer solution or receptor compartments were collected and replaced with equivalent
amounts of temperature equilibrated PBS. PTX content in the withdrawn samples was
analyzed by HPLC after lyophilization and extraction. All release studies were conducted in
triplicate. For the dialysis cassette method, 1 mL of 5% (w/w) loaded PTX-TyroSpheres was
diluted to a concentration of 250 pg/mL PTX and added to the dialysis cassette. Cassettes
were dialyzed against 200 mL of PBS and stored in a shaking water bath (120 rpm) at 37 °C.
To confirm that there was no delaying effect of PTX release from PTX-TyroSpheres due to
the membranes, permeation of free PTX across the dialysis membrane (MWCO=10000;
3mL) was also performed. For the Franz diffusion cell method, 1 mL of 5% (w/w) loaded
PTX-TyroSpheres was diluted to a concentration of 20 pg/mL PTX. 0.5 mL of diluted 5%
PTX-TyroSpheres was added to the donor compartment which was subsequently occluded.
Receptor media contained 5 mL PBS which was stirred continuously at 600 rpm and
maintained at 37 °C.

2.6. Cytotoxicity of free PTX and PTX-TyroSpheres to HaCaT

HaCaT (a cell line of human keratinocytes) was cultured in Dulbecco's modified eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin (37°C, 10% CO,, RH 95%). When 90% confluency was reached, cells were
rinsed with DPBS, trypsinized, and passaged at a 1:4 ratio. HaCaTs with passage number
below 50 were applied in the study. 100 uL of HaCaT cell suspension was added to each
well of a 96-well cell culture plate; the seeding density was 2,000 cells/well (cell count
measured with a Cellometer Auto A4, Nexcelom Bioscience, MA). The cells were incubated
for 4 hours to ensure sufficient attachment and then the media was changed in all wells to
the experimental conditions. Below is the design of the experimental conditions:
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(@) 0.5 nM to 25 nM PTX in PTX-TyroSpheres (in triplicate, prepared and characterized as
described in Section 2.2 with initial 5% wt/wt PTX to polymer ratio); for each PTX
concentration, the cell culture medium containing equivalent amount of drug-free
TyroSpheres was applied as 100% viability.

(b) 0.5 nM to 25 nM free PTX dissolved in the culture medium using 0.1% v/v DMSO (in
hexaplicates). Cell culture medium containing 0.1% v/v DMSO was used as 100% viability.

Cell culture medium, cell culture medium with 10% DMSO, and 10% AlamarBlue®
containing medium were applied as negative control, positive control, and blank,
respectively (in hexaplicates). Cells subjected to these experimental conditions were allowed
to culture for 3 days at which point cell viability was measured using the AlamarBlue®
metabolic assay. Cell culture medium containing 10% AlamarBlue® reagent was added and
the fluorescent intensity was measured (560nm/590nm; manual gain 97%) when the
negative controls started to turn pink. The optimal post AlamarBlue® treatment time was 2—
4 hours. The cytotoxicity data and the half maximum inhibition concentration (ICsg) were
determined following the protocol provided together with the AlamarBlue® assay reagent
(AbD Serotec).

2.7. High viscosity formulation of TyroSpheres (gel-like formulation)

2.7.1. Preparation of gel-like TyroSpheres formulation—The gel-like formulation
was prepared by the addition of HPMC to PBS (1.5% w/v) under constant stirring for 18
hours. Thereafter, PTX-TyroSpheres or drug-free TyroSpheres, prepared by the above
described methods, were added at a ratio of 1:2 (v/v) of 5% (w/w) loaded PTX-
TyroSpheres : HPMC phase and allowed to stir over an additional 24 hours resulting in a
gel-like formulation with the final HPMC concentration of 1% wiv.

2.7.2. Homogeneity Analysis—To ensure homogeneity of PTX-TyroSpheres in the
sample, ten samples were analyzed for PTX concentration (w/w). Samples were weighed to
allow calculation of PTX concentration (w/w) in relation to total mass of formulation and
then lyophilized. The dried samples were re-suspended in methanol and sonicated to allow
complete extraction of PTX. Samples were filtered and HPLC was performed to measure the
PTX distribution within the gel-like formulation.

2.7.3. In vitro release of PTX from gel-like TyroSphere formulation—PTX release
from the gel-like TyroSphere formulation was studied using the Franz cell diffusion method
described above with slight modification. Due to the high viscosity of gel-like PTX-
TyroSpheres, weights of formulation applied were recorded for determination of the exact
amount of drug applied. An amount of formulation resulting in 10 ug PTX in the donor
compartment was applied to allow for a direct comparison with the release profile of
aqueous 5% (w/w) loaded PTX-TyroSpheres. Samples were taken from the receptor
compartment every 6 hours over 48 hours. At the conclusion of the experiment, excess
formulation was removed and donor compartments were flushed with fresh PBS three times
to capture the remaining gel-like formulation and PTX. Next, the compartment itself,
membrane, and all donor fluids were lyophilized and extracted in methanol. The validated
HPLC method was used to determine PTX release. All release studies were conducted in
triplicate.

2.7.4. PTX stability in gel-like TyroSphere formulation—PTX stability in the gel-
like TyroSphere formulation was evaluated for the formulation containing 1% w/v HPMC.
At time-zero, ten replicate samples of gel-like PTX-TyroSpheres were weighed and
lyophilized. These samples were extracted in methanol for HPLC analysis and used to

J Control Release. Author manuscript; available in PMC 2013 October 10.
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establish baseline drug content for stability studies. Concentration of PTX in the gel-like
TyroSphere formulation stored at 4 °C was tested at pre-determined time-points over 56
days as an indication of formulation stability.

2.8. In vitro skin distribution studies of PTX-TyroSpheres and gel-like PTX-TyroSphere

formulation

Human cadaver skin samples obtained from the New York Fire Fighters Skin Bank (New
York City, NY) were used to evaluate the /n vitro skin permeation of PTX delivered via
PTX-TyroSpheres and the gel-like PTX-TyroSphere formulation. The permeation studies
were performed using the Franz diffusion cells described above according to previously
described methods [15]. Treated skin samples (6 hours with each test formulation) were
processed according to the following procedure: at the conclusion of the experiment, the
skins were washed and removed from the Franz cells. Epidermal and dermal layers were
manually separated using tweezers. PTX was extracted in 5 mL methanol with
homogenization (Polytron® PT10/35 - Kinematica, Switzerland) of each skin layer and
extracted samples were assayed for PTX concentration by mass spectroscopy described
below.

2.8.1. Liquid chromatography and mass spectroscopy (LC-MS)—LC-MS
experiments were performed using a U3000 (Dionex) on line with linear trap quadrapole
(ThermoFisher). In general, sample was injected in full loop mode and separated by a
reverse phase column (Discovery BIO Wide Pore C18, 5cm x 2.1mm, Supelco analytical)
with 50% acetonitrile and 0.1% formic acid as mobile phase at a flow rate of 250 pL/min for
3 minutes. Mass spectroscopy data was acquired with full MS from 300 to 1000 (positive
mode) followed by MSMS of 854 (mono-protonated ion of PTX). MSMS detailed
parameters include: isolation width - 7 Da; normalized collision energy - 35%; activation Q
- 0.15, activation time - 16 milliseconds. Full MS and MSMS data were both acquired in
centroid mode. Quantification of PTX was by peak integration and peak area calculation of
the mono-protonated ion of PTX (m/z 854) or of the MSMS fragments 569 or 561. Linearity
for molecular weight 854 Da (corresponding to mono-protonated PTX) was established in
test matrix over the range of 5.0 to 500 ng/mL.

2.9 Statistics

For binding and loading, solubility, and release testing, results are reported as mean with its
standard error indicated (mean + SE) and p-values < 0.05 were considered significant. For
cytotoxicity analysis, three independent experiments were performed with the mean and
standard error (mean + SE) calculated according to the general approach in determining the
error bars in experimental biology [18]. Statistical differences for skin distribution studies
were determined using a one-way ANOVA followed by Tukey’s post hoc test for
comparison of PTX concentration in different layers of skin (epidermis vs dermis) for
TyroSpheres and gel-like TyroSpheres. All analyses were carried out with KaleidaGraph
version 4.02 graphing and data analysis software (Synergy Software, Reading, PA). p-values
< 0.0001 (*) considered to be statistically significant

3. Results and Discussion

3.1. PTX-Tyrospheres: design, fabrication and characterization

The rationale for choosing the tyrosine-based triblock copolymer system (Scheme 1) used to
fabricate TyroSpheres in this study was based on the ability of this amphiphilic copolymer
to self-assemble in aqueous media. The middle block oligo(DTO-SA) is composed of
naturally occurring metabolites [19] which renders the final degradation products benign,
while mPEG end blocks provide a stable dispersion in an aqueous environment.

J Control Release. Author manuscript; available in PMC 2013 October 10.
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Additionally, this particular formulation has been previously reported to have a strong
affinity in binding hydrophobic drugs including PTX [17].

3.1.1. PTX binding and loading efficiency by TyroSpheres—To evaluate the
maximum loading of PTX into TyroSpheres, the amount of PTX input (drug in feed) was
gradually increased while keeping the amount of DTO-SA/5K polymer constant. As shown
in Figure 1, PTX is effectively encapsulated by TyroSpheres up to an initial drug input of
8% (w/w) to polymer. Up to this level, the loading efficiency (LE) is proportional to the
initial drug input. Beyond this level, LE drops off markedly. The binding efficiency (BE),
which was greater than 70% for all inputs less than or equal to 8% (w/w) input, also
decreased corresponding with the LE. The limit of PTX loading can potentially be explained
by the previously proposed mechanism of drug binding by the TyroSphere core [20]. PTX-
TyroSphere interactions and binding rely on several aspects including drug-polymer
structural compatibility and availability of putative binding sites (“hot spots”) for PTX in the
oligo(DTO-SA) core. When the "hot spots” become fully occupied, no more PTX can be
dissolved (bound) within the core and the rest of unbound or loosely bound molecules
eventually precipitate out in the aqueous environment surrounding the PTX-TyroSpheres.

3.1.2. Size and size distribution—The size and size distribution of PTX-TyroSpheres
with PTX input up to 8% (w/w) remain approximately 70 nm (PDI < 0.22) regardless of the
amount of PTX relative to polymer. The relatively small size and size distribution are
important characteristics in the design of topical drug delivery formulations as smaller
nanoparticles may increase the amount of surface contact with the skin and preferentially
accumulate in hair follicles and skin furrows [21, 22].

3.1.3. PTX solubility—As shown in Table 1, PTX (Log P of 3.9) has a very limited
aqueous solubility. With the addition of the pharmaceutically acceptable nonionic surfactant
Tween 80, the solubility of PTX increased. However, even at 1% (w/v) of Tween 80, the
solubility of PTX was still approximately 100-fold lower than that achieved by
encapsulation (solubilization) of PTX in the TyroSpheres. The high solubility of PTX in
TyroSpheres allows for an increased concentration gradient which is a key driving force in
topical delivery [23].

3.2. In Vitro PTX Release from PTX-TyroSpheres

Equally as important as the ability to encapsulate the drug into the TyroSpheres, is the
ability to release the drug from the delivery system. Typically, nanoparticle-based delivery
systems exhibit release of their payload by one or a combination of three mechanisms: 1)
diffusion, 2) polymer degradation and 3) particle dissociation [27]. The stability of
TyroSpheres over a time-course relevant for release experiments was confirmed as no
change was measured in particle size or polymer molecular weight compared to the initial
formulation (data not shown). Therefore, dissociation and degradation are assumed to play
negligible roles over the time-course of the release experiments. Additionally, control
experiments with free PTX confirmed that the membrane had no delaying effect on PTX
release as greater than 90% of the free PTX was measured in the release medium after 1
minute (data not shown). /n vitro release of PTX from PTX-TyroSpheres across a semi-
permeable membrane under physiological conditions (PBS; 37 °C) was performed using two
methods: 1) jar and dialysis cassettes and 2) Franz diffusion cells (the amount released is
determined as the amount of drug permeated to the receptor compartment of the diffusion
cell).

Comparison of the release measured by two methods (Table 2) revealed that the cumulative
amounts of PTX released at each time-point are similar in both cases. This outcome
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confirms that the Franz cell method, commonly used in topical and transdermal in vitro
permeation studies, is reliable for investigating the release behavior of TyroSpheres under
conditions mimicking topical applications. To evaluate the impact of drug content on
release, three PTX loadings (1.2%, 5.0%, and 8.4% (w/w)) were evaluated in Franz cell
diffusion studies. The initial formulations were diluted so that the amount of PTX was kept
constant resulting in the following formulations: 10 pg PTX in 2.3, 0.5, and 0.3 mg of
TyroSpheres, respectively. Results, depicted in Figure 2, suggest that the amount of PTX
input is directly related to the rate of drug release. At the end of 72 hours, approximately
8%, 44%, and 58% of the drug was released from the 1.2%, 5.0%, and 8.4% (w/w) PTX-
TyroSpheres, respectively. This phenomenon can be potentially explained by the different
binding affinities of PTX with the available “hot spots” in TyroSpheres [20]. Investigations
by Costache et al. suggest that as the drug input amount increases, the sites that bind
stronger are saturated and excess drug then binds to sites that have weaker affinities [20].
Hence, the less preferred binding sites would most likely release PTX at a faster rate,
explaining the observed relationship between release rate and drug loading.

3.3 Cytotoxicity of free PTX and PTX-loaded TyroSpheres to HaCaT

As over-proliferation of keratinocytes is one of the key characteristics of psoriatic skin, the
cytotoxicity of free PTX and PTX-TyroSpheres to HaCaT cells was studied. HaCaT was
selected as it is the first permanent epithelial cell line from adult human skin that exhibits
normal proliferation and differentiation behavior [28]. AlamarBlue® assay has been used to
quantitatively analyze the cell viability conversion of fluorescent Resazurin in the Alamar
Blue® to Resorufin occurs in response to cell metabolic activity [29, 30].

Figure 3 shows the cytotoxicity of TyroSpheres, free PTX and PTX-TyroSpheres to
HaCaTs. The HaCaTs treated with drug-free TyroSpheres (concentration range 1 — 50 g/
mL) showed no significant decrease in metabolic activity (cell viability between 90 —
103%), confirming that TyroSpheres do not induce any short-term cytotoxicity. The
difference in the cytotoxicity of free PTX and PTX delivered via TyroSpheres is evident:
applied at the same drug concentration, PTX-TyroSpheres resulted in lower viability of
HaCaTs as compared to free PTX. To confirm the significance and validation of the data,
three independent experiments were performed and the 1Cs of PTX-TyroSpheres (1.7 £ 0.3
nM, 1.5 £ 0.3 ng/mL) was approximately 45% lower than that of free PTX (3.3 £ 0.5 nM,
2.8 £ 0.4 ng/mL). These results suggest that TyroSpheres, a non-toxic vehicle themselves,
improved the anti-proliferative effect of PTX to HaCaTs.

3.4. Gel-like PTX-TyroSpheres formulation

3.4.1. Homogeneity and short-term stability—TyroSpheres are an aqueous
suspension and therefore their flow characteristics are very similar to that of water. Flowing
formulations are not ideal for topical administration as they do not stay in the area of
administration decreasing the contact time between formulation and site of application. In
this study, hydroxypropyl methylcellulose (HPMC) has been chosen to increase the
formulation viscosity since it has previously demonstrated (a) effectiveness in dispersing
TyroSpheres uniformly and (b) lack of retardation in the deposition of lipophilic compounds
in the skin [15]. To further investigate the effect of HPMC presence on the TyroSphere
formulation with and without PTX, formulation homogeneity and stability (expressed as
PTX stability), PTX release, and skin distribution have been evaluated. Homogeneity of the
gel-like PTX-TyroSphere formulation stored at 4 °C was evaluated by determining PTX
content from different areas of the formulation. Results from 10 samplings, established
concentrations of 141.9 £ 0.9 pg and 143.0 + 6.6 pug of PTX in 1 g of formulation at times 0
and 8 weeks, respectively. The small standard deviation in both measurements is an
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indication of formulation homogeneity while no significant change in PTX concentration
over the 8 week time-period is an indication of formulation stability upon 4 °C storage.

3.4.2. In Vitro PTX Release from gel-like PTX-TyroSpheres—Release of PTX from
gel-like PTX-TyroSpheres (1% w/v HPMC) is presented in Figure 4 and is similar to the
release of PTX from TyroSpheres without HPMC at the same concentration of PTX and
TyroSpheres. This finding provides evidence that the presence of the thickening agent is a
suitable approach to reduce the flow properties of the base TyroSpheres.

3.5. Skin Distribution

The ability of TyroSpheres with (gel-like) and without 1% w/v HPMC to deliver PTX into
human cadaver skin was evaluated. Liquid chromatography—mass spectrometry was used to
quantify PTX content in the epidermis, dermis, and receptor fluid in skin distribution
studies. As shown in Figure 5, TyroSpheres deliver significant amounts of PTX into the
epidermal layer of skin, the location of the over-proliferation of keratinocytes and the
development of psoriasis.

Equally as important, minimal PTX was found in the dermis and in the receptor phase of the
Franz cell, indicating that treatment with PTX-TyroSpheres would result in limited systemic
escape of the cytotoxic drug. The limited amounts of PTX found in the dermis and receptor
phase were expected as it is commonly accepted that /7 vitro skin distribution analysis,
though a good tool for screening, frequently over-estimates the permeation when compared
to an /n vivomodel. As an example, van de Sandt et al. have reported that /n vitro
permeation data with the pesticide propoxur over-estimated /n vivo permeation data by up to
a factor of three [31]. Additionally, the skin distribution results showed that the increased
viscosity of gel-like TyroSpheres have no significant impact on PTX skin deposition at each
evaluated skin layer confirming again that the addition of the thickening agent is not altering
TyroSphere properties. The skin distribution results demonstrate that both TyroSphere
formulations address the requirements of an efficient topical drug delivery system with
minimal transdermal delivery and/or systemic escape and can be considered as an
appropriate vehicle for the delivery of PTX as a topical psoriasis therapy.

Elucidation of the mechanism by which TyroSpheres deliver their payload into the skin is
currently under investigation. Based on the skin distribution data reported here, we
hypothesize that PTX delivery to the skin can be explained by the increased solubility of
drug in the TyroSphere matrix, which in turn leads to an increased concentration gradient at
the skin surface. Based on the recent review by Prow et al., nanoparticles larger than 10 nm
are unlikely to penetrate into the viable epidermis [32], hence we assume that PTX release
will most likely occurs at the interface of the TyroSphere and the skin surface and/or hair
follicle. Due to the lipid-rich environment of the stratum corneum, lipophilic compounds,
like PTX, may remain in the stratum corneum intercellular space (as a drug depot), allowing
for slow permeation into the lower viable epidermis where psoriasis originates.

Similar findings were reported by Sachdeva et al. for the dermal delivery of terbinafine
hydrochloride [33]. In the TyroSphere system, PTX largely remains in the epidermis (topical
delivery) because the increased hydrophilicity of the dermis restricts significant partitioning
of hydrophobic drug. Additionally, it is well-known that disease-state skin, and in particular
psoriatic skin, is more permeable than healthy skin [34]. Therefore, in patients, we expect
even more deposition of PTX in the epidermis thereby making PTX-TyroSpheres more
effective.
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ions

The aim of this study was to develop and evaluate the potential of tyrosine-derived
nanospheres (TyroSpheres) as a topical delivery system for paclitaxel (PTX). Non-cytotoxic
TyroSpheres provide greatly enhanced solubility of PTX and PTX-TyroSpheres successfully
combine the benefits of: (a) a therapeutic to control the over-proliferation of keratinocytes
thereby bringing the system back into equilibrium, (b) dose-controlled delivery of PTX, and
(c) preferential deposition of PTX into the epidermis. Selective accumulation of PTX in the
epidermis should eliminate adverse side effects associated with systemic exposure. Further,
TyroSpheres can be incorporated into a gel-like formulation that allows enhanced skin
contact and ease of application without altering the release or skin distribution
characteristics of TyroSpheres. Although additional studies are needed in order to evaluate
the therapeutic potential of PTX-TyroSpheres in clinically relevant models, current results
suggest that PTX-TyroSpheres could be a promising modality for psoriasis treatment.
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Glossary of abbreviations

PTX paclitaxel

TyroSpheres tyrosine-derived nanosphere(s)

PTX-TyroSpheres tyrosine-derived nanospheres containing paclitaxel

DTO-SA/5K PEG5K- p-oligo(desaminotyrosyl-tyrosine octyl ester suberate)-4-

PEG5K

HPMC hydroxypropyl methylcellulose

BE binding efficiency

LE loading efficiency

HPLC reverse-phase high performance liquid chromatography

SD standard deviation

SE standard error

PDI polydispersity index

LC-MS liquid chromatography—mass spectrometry
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Figure 2.

The effect of PTX content on release from PTX-TyroSpheres.

Cumulative PTX release measured using Franz cell method from (O) 1.2%, (A) 5.0%, and
(O) 8.4% wiw PTX-TyroSpheres. The results are presented as mean + SE (n = 3).
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Figure 3.

Viability of HaCaT epithelial cell line from adult human skin exposed to (O) free PTX
(n=6), (O) PTX-TyroSpheres (n=3), and (A) TyroSpheres (n=6).

Cell viability was measured after 72 h by AlamarBlue® cell proliferation indicator assay.
Cell culture medium, cell culture medium with 10% DMSO, and 10% AlamarBlue®
containing medium were applied as negative control, positive control, and blank,
respectively. Cell viability data from a typical single experiment were plotted and the error
bars represent the SD of the replicates. The upper x-axis represents TyroSphere
concentration tested in this study, while the lower x-axis represents the concentrations of
free PTX and PTX in TyroSpheres.
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Figure 4.

Release of PTX from TyroSphere formulations with and without HPMC as a thickening
agent.

Cumulative PTX release from 5 % w/w (O) gel-like PTX-TyroSpheres and (O) PTX-
TyroSpheres. The results are presented as mean £SE (n = 3).
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(1% HPMC).
LC-MS was used as a detection method to quantify PTX deposited into different skin strata
and receptor fluid. On the Y-axis, the units of PTX permeation (#) are: (ng/cm?) of tissue
surface area for PTX in the epidermis and dermis, and (ng/mL) for PTX measured in the
receptor compartment. The statistical data is expressed as mean £SE (n = 8); p < 0.001 (*)
was considered to be statistically significant between the amount of PTX present in the
epidermis and dermis for both TyroSpheres and gel-like TyroSpheres.
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Scheme 1.

Structure of the tyrosine-derived, ABA-type poly(ethylene glycol)-6-oligo(desaminotyrosyl-
tyrosine octyl ester suberate)-4-poly(ethylene glycol) triblock copolymer (DTO-SA/5K)
used in the preparation of TyroSpheres.
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Table 1
Solubility of PTX in PBS =+ surfactant and TyroSpheres.

Sample Concentration of PTX (ug/mL)
PTX in PBS 03 *

PTX in 0.1% (w/v) Tween 80 2.7

PTX in 1.0% (w/v) Tween 80 13.8

PTX-TyroSpheres (LE=8.4% w/w) 1160

*
The solubility of PTX in an aqueous environment as reported in literature varies between 0.7 and 30 pg/mL [24-26]. The experiments were
performed in duplicate.
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Table 2

Comparison of PTX release from PTX-TyroSpheres using Franz cell method and dialysis cassette and jar
method.

PTX (ug/mL)

Time-point (hours)
Franz Cell  Cassette and Jar

6 6.0+0.3 59+03
12 12.9+0.9 121+04
24 188+ 1.7 19.4+09

The results are presented as mean +SE (n=3).
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