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ABSTRACT. Transdermal immunization is highly attractive owing to the skin

accessibility and unique immunological character. However, it remains a relatively
unexplored route of administration owing to the great difficulty of transporting antigens
past the outermost layer of skin, the stratum corneum. In this article, the abilities of three
poly(N-vinylcaprolactam) (PVCL) based thermoresponsive assemblies — PVCL hydrogels
and nanogels plus novel film forming PVCL/acrylic nanogels — to act as protein delivery
systems were investigated. Similar thermal responses were observed in all systems, with
transition temperatures close to 32 °C, close to that of the skin surface. The investigated
dermal delivery systems showed no evidence of cytotoxicity in human fibroblasts and were
able to load and release ovalbumin (OVA), a well-studied antigen, in a temperature
dependent manner in vitro. The penetration of OVA into ex vivo human skin following
topical application was evaluated, where enhanced skin delivery was seen for the OVA
loaded PVCL systems relative to administration of the protein alone. The distinct protein
release and skin penetration profiles observed for the different PVCL assemblies were here

discussed on the basis of their structural differences.

KEYWORDS. poly(N-vinylcaprolaptam), thermoresponsive polymers, dermal delivery

systems, protein skin penetration, transdermal immunization
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INTRODUCTION

The skin is the primary barrier of the body against invading pathogens.l For this
reason, a large population of immunocompetent cells such as keratinocytes,
Langerhans cells, subsets of T lymphocytes, and skin-associated lymphoid tissue are
found within the epidermis and dermis.? Langerhans cells are professional antigen-
presenting cells that induce antigen-specific T cell adaptive immuneresponses.3 Thus,
efficient antigen delivery to epidermal Langerhans cells could generate specific immune
responses?. However, the stratum corneum (SC), the outermost layer of skin, is a highly
efficient barrier that few molecules are known to passively traverse. Key factors to SC
penetration include small molecular weight (< 500 Da) and moderate lipophilicity.>¢
Although the idea of transdermal vaccination is gaining prominence,’!! its realization
will require effective and reproducible penetration of large molecules past the SC and

into the skin.

Chemical and biological penetration enhancers, as well as semi-invasive techniques that
physically disrupt the ordering of the SC, have been proposed as methods to facilitate
the skin penetration of large macromolecules.!?'8 Among these strategies, the use of
hydrogels — crosslinked polymer networks capable of absorbing large amounts of water
or biological fluids — has been shown to enhance the topical delivery of bovine serum
albumin into barrier intact skin as well as barrier deficient skin, a condition found in
many skin diseases.!® Hydrogel patch formulations have been used to effectively induce

3
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immune responses to tetanus and diphtheria toxins in hairless rats.?? Evidences obtained
from these studies indicate that the enhancement to topical antigen delivery results
from the skin hydration effect of hydrogel application in addition to their disrupting
interactions with SC components. Similarly, several thermoresponsive nanogels (NGs,
hydrogels of nanometric size) have been shown to encapsulate a range of proteins (with
molecular weight as high as 7150 kDa) and mediate their penetration past the SC of
barrier deficient human skin. It is believed that penetration through the SC is facilitated
by the triggered release of protein after the topical application, and interactions

between the NGs and the SC.21-24

Recently, a successful strategy for synthesizing thermosensitive PVCL based NGs with
film-forming ability was developed.”® These resulting NGs (PVCL/acrylic NGs)
presented two clearly distinguished phases: crosslinked PVCL and soft acrylic
copolymer with a low glass transition temperature (Tg). The low Tg of acrylic phase
allowed for the coalescence of the NGs and the formation of nanostructured and
flexible PVCL/acrylic patches. In the current work, the performance of the
PVCL/acrylic patch as a topical protein delivery system was investigated and compared
to pure PVCL hydrogels and NGs. Although extensive information regarding NGs and
hydrogels is available in literature, this paper exclusively compares the performance of
these different crosslinked PVCL materials and their abilities as platforms for the topical
delivery of proteins (Figure 1.a). PVCL was chosen as the base polymer for the three

4
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considered systems owing to its biocompatibility?® and thermoresponsive properties.?’
Owing to the thermoresponsive character of PVCL, the investigated systems exist in
one of two states. Below their transition temperature, the PVCL is soluble and so the
hydrogel networks expand and swell with water. Above their transition temperature,
the PVCL becomes insoluble causing any previously hosted fluid to be expelled from
the hydrogel (Figure 1.b). Synthesis parameters were chosen to fine tune the transition
temperature between these two states to be near the skin surface temperature, 32 °C. It
is hoped that the PVCL/acrylic NGs will offer improved skin penetration properties by
combining the high loading capacity of a NG with the occlussive effect generated by
topical application of a patch.?> Ovalbumin (OVA), one of the most popular antigen
models, was chosen as model protein for this study. The three systems transition
temperatures and cytotoxicity, as well as their OVA loading capacities, in vitro release
profiles and skin penetration abilities were evaluated in order to determine the effect of

their structural composition on the epidermal transport of antigens.
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Figure 1. Scheme of (a) the three investigated systems and of the thermoresponsive

character of PVCL (b).

MATERIALS

N-vinylcaprolactam (VCL, 98% purity, Aldrich), butyl acrylate (BA, 99% purity,
Aldrich), and acrylic acid (AA, 98% purity, Aldrich), were used as monomers and /V,/V-
methylenebisacrylamide (BIS, 99.9% purity, Genbiotech) as crosslinking agent.
Potassium persulfate (KPS, 99% purity, Mallinckrodt), and 2,2'-Azobis(2-
methylpropionitrile) (AIBN, 98% purity, Aldrich) were used as initiators (I). Other
reagents were: sodium bicarbonate (NaHCO3, 99.7% purity, Cicarelli) as buffer, sodium
dodecyl sulphate (SDS, Anedra) as emulsifier, and hydroquinone as polymerization
inhibitor (99% purity, Fluka AG). All the above reagents were employed as received

without purification. Ovalbumin from chicken egg (OVA, 98% purity, Aldrich) was

6
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used as model protein. Ex vivo skin penetration experiments were conducted in a
transwell system (5 pym pore size, Corning) and assessed by immunofluorescence of
cryo-embedded sections (Surgipath FSC22 embedding-media, Leica Biosystems) using
antibodies against OVA and rabbit IgG (ab181688 and ab150080 respectively, Abcam)
and 4',6-diamidin-2-phenylindol (DAPI) antifading mounting medium (Dianova).
Distilled and deionized water was used throughout the work.

METHODS
Synthesis of delivery systems

Polymerization temperature for all synthetic procedures experiments was 70 °C. In all
polymerizations, a ratio BIS/VCL of 4% was adopted, in order to obtain a similar
transition temperature in the three systems. While the hydrogel was synthesized in a
syringe, NG syntheses were carried out in a 200 mL jacketed glass reactor equipped
with an automatic feeding system, mechanical stirring, steam condenser, sampling

output, nitrogen inlet, digital thermometer, and a thermostatic bath.

PVCL/acrylic Patches

The PVCL/acrylic patches were prepared in two steps. The first one involved the
synthesis of PVCL/acrylic NGs and their purification. Then, in a second step the patch
was obtained by casting the PVCL/acrylic NG dispersion.

PVCL/acrylic NGs were synthesized following the previously reported semibatch
procedure.?” This involves loading 50% of the formulation corresponding to water into

the reactor in batch, VCL, SDS, NaHCO3, and the whole amount of BIS. After reaching
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the reaction temperature and purging the dispersion with N, for 60 min, a KPS solution
was injected to initiate the polymerization. The remaining 50% of water, VCL, SDS,
NaHCOj3 was fed at a constant feed rate during 90 min from the beginning of the
reaction. After 50 min of polymerization, an aqueous dispersion containing the acrylic
monomers (BA and AA), was fed at a constant feed rate during 40 min. Once the
feeding period was finished, polymerization conditions were maintained for additional
30 min. Then, the synthesized NGs were purified by dialysis against distilled and
deionized water, to remove the unreacted monomers, the emulsifier and impurities.
The final content of dialyzed PVCL/acrylic NGs dispersion, 54.5 mg/mL, was
gravimetrically determined onto a small aliquot before patches formation.

Patches were prepared by casting the dialyzed NGs dispersion containing 22 mg of
PVCL/acrylic NGs onto moulds of 10 mm of diameter and drying at room temperature
in a desiccator with silica gel until achieving a constant weight. The final PVCL/acrylic
patch thickness was about 1 mm.

PVCL Nanogels

Unlike the semibatch synthesis procedure employed for obtaining PVCL/acrylic NGs,
PVCL NGs were prepared in batch as follows. VCL, BIS, NaHCOj3, SDS and water were
loaded into the reactor, and kept under stirring and nitrogen bubbling at the reaction
temperature for 60 min. Then KPS, predissolved in a small amount of water, was

injected into the reactor to initiate the polymerization. Reaction conditions were

ACS Paragon Plus Environment

Page 8 of 48



Page 9 of 48

oNOYTULT D WN =

Biomacromolecules

maintained during 120 min. The obtained NGs dispersions were purified by dialysis.
Finally, dialysed PVCL NGs were lyophilized.

Hydrogels

VCL, BIS and AIBN were dissolved in an ethanol-water mixture (70-30) and the
reaction mixture was loaded into 3 mL syringes (10 mm diameter). Nitrogen was
bubbled for 15 minutes and the syringe was immersed in an ultrasonic bath, for 5 min,
to remove any bubbles present. The system was kept for 4 h at the reaction
temperature. The obtained gel bar was cut with a scalpel in cylinders of similar height
and washed repeatedly in deionized water to remove the polymerization residues.

Characterization

Morphology

Morphology of synthesized systems was characterized by electron microscopy.
The patch and the hydrogel were freeze-dried and the first one was then gold-coated
using a sputtering Emitech model K500X, with a voltage of 2 kV and for 3 min.
Samples of patch and hydrogel were observed using a Phenom World ProX scanning
electron microscopy (SEM). PVCL NGs were observed with transmission electron
microscopy (TEM) with a Hitachi Scanning Electron Microscope (SU8030). Samples
were prepared by depositing a diluited NG dispersion with a concentration of 1 mg/ml
on copper grids, and drying at room temperature.

Thermal response analysis
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The thermal response of all of the investigated materials was evaluated in water. The
thermal response of the patch and hydrogel was determined by immersing a sample in
deionized water at different temperatures (20, 30, 35, 40, 50 and 55 °C). At each
temperature, samples were maintained one hour to reach the equilibrium and the
absorbed water was determined gravimetrically, by removing the sample from the
medium, drying with paper filter, and immediately weighting before immersing again.
This procedure was repeated per triplicate.

The thermal response of NGs was determined by measuring the average particles
diameter (D) of dilute samples (1 mg/mL) at increasing temperatures (from 20 °C up to
55 oC at intervals of 2.5 °C, with 20 min of stabilization). D was measured by dynamic
light scattering (DLS) at a detection angle of 90°, in a Brookhaven BI-9000 AT
photometer.

Swelling factor parameter based on weight (@) and on volume (9,) was defined in
order to compare transition temperature of the three systems, according to Eq. 1 for

patch and hydrogel, and to Eq. 2 for NGs.

L Ws-w(D) (Eq. 1)
Ve — V(T Eq. 2
B,(T) = 1— ;S_l(/c) (Eq.2)

Where Wsand Vg are the weight and the volume at the swelling state (20 °C), W,

and V(are the weight and the volume at the collapse state (55 °C), and W (7)and V (7)
10
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are the weight and the volume at the measured temperature (7). It can be seen that in
the swelling state @(7) = 1 for both definitions, and in the collapsed state @(7) = 0.

Cell viability assay

The cytotoxicity of each material was evaluated by measuring the adenosine
triphosphate (ATP) content of human dermal fibroblasts after 48 h exposure to
dispersions of PVCL NGs and PVCL/acrylic NGs and to an extract of the hydrogel,
using CellTiter-Glo® luminescent cell viability assay (Promega). To obtain the hydrogel
extracts, the sample was incubated in 1 mL of cell growth medium [DMEM with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S)] for 48 h at 37 °C.
Fibroblasts were seeded into white flat 96-well plates at a density of 10° cells/mL in 100
pL/well and grown over night at 37 °C and 5% CO,. The next day, the supernatant was
removed and replaced with 100 pL/well of the hydrogel extracts (100% medium
replacement) or diluted to 10%, 1%, 0.1% and 0.01% in fresh medium and incubated
for another 48 h. Cells incubated with fresh medium only served as a control. For the
study of NGs dispersions, cells were seeded at a density of 10° cells/mL into white flat
96-well plates at 100 pL/well and incubated overnight at 37 °C and 5% of COz2. The next
day, the NGs were added in 10-fold serial dilution in medium starting from 5 mg/mL as
a maximum, in duplicates. For all experiments, three independent plates were prepared.
After each incubation, CellTiter-Glo assay was performed according to the instructions

of the manufacturer. Luminescence was read in a Tecan Infinite M200Pro microplate

11
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reader. The relative viability was calculated by dividing luminescence values of treated
cells by values of untreated cells.

OVA Joading in the carrier systems

Loading of film patch involves first the dissolution of 3 mg of OVA in 0.4 mL of the
PVCL/acrylic NGs dispersion (containing 22 mg of NGs). Then, OVA loaded film patch
was obtained by casting the previous dispersion into silicone moulds and drying at room
temperature in a desiccator with silica gel until a constant weight.

OVA loading into the hydrogel was carried out by immersing a dry sample in a
solution of OVA of 17 mg/mL at 4 °C for 48 h. Then, the loaded hydrogel was removed.
The concentration of OVA in the solution before the hydrogel immersion and after the
hydrogel removal, was measured by UV/Vis spectroscopy. The absorbance at 280 nm
was used to calculate the loaded OVA from the difference between both respective
concentrations.

A similar procedure was followed to load the NGs. An OVA loaded PVCL NGs
dispersion (with a final NGs content of 5 mg/mL) was prepared by redispersing the
required mass of lyophilized NGs in an OVA solution of 4 mg/mL, and incubated during
48 h at 4 °C. After the incubation period, the suspension was filtered with a VIVASPIN
centrifugal filter (molecular weight cut-off, MWCO, 300,000 Da) at 8000 rpm and for
15 min to separate the loaded NGs from the unloaded protein solution. The loaded OVA

was determined following the procedure described for the hydrogel.

12

ACS Paragon Plus Environment

Page 12 of 48



Page 13 of 48

oNOYTULT D WN =

Biomacromolecules

The loading capacity (LC) and encapsulation efficiency (EE, %) of the materials were

calculated as follows.

LC = mass of OVA loaded Eq.3
~ mass of polymer carrier
mass of OVA loaded Eq. 4
EE = 100

X
mass of OVA added

OVA release

OVA release study was performed using patch (22 mg), hydrogel (33 mg) and PVCL
NGs dispersion (1 mL with a NGs concentration of 5 mg/mL) loaded with 3, 3.7, and 3.8
mg of OVA, respectively. The materials were incubated in PBS (pH = 7.4) at 25 and 37
°C for one week, per triplicate. At regular intervals, the release medium was replaced,
and the amount of released protein was measured by Bradford assay.?

The secondary structure of the OVA released was determined by circular dichroism
(CD) with a Jasco J-810 spectropolarimeter (Jasco, Gross-Umstadt, Germany) using a 0.2
mm path length Quartz Suprasil cuvettes (Hellma, Miillheim, Germany).

OVA skin penetration assay

Punch skin biopsies (20 mm diameter) were sectioned from ex vivo human skin,
obtained from routine plastic surgeries with written and ethical consent (EA1/081/13).
Sections were taken from either unaltered regions of skin, or areas previously subjected

to tape stripping (50 times). These were then placed into transwell inserts held in 6 well

13
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plates, and surrounded by 2 mL phosphate buffered saline (PBS). OVA loaded patches
(22 mg polymer, 0.125 mg OVA), hydrogels (33 mg polymer, 0.125 mg OVA), and 525
pg/cm? of OVA loaded NG (0.4 mg polymer, 0.125 mg OVA) were applied to the surface
of skin punches. These were then transferred to an incubator for 6 h and exposed to a
temperature ramp (30 °C 0-1 h, 34 °C 1-2h, and 37 °C 2-6 h). Subsequently, excessive
formulation was removed, and subsequently flash frozen. Afterwards, the skin was
sectioned into 8 pm thick cross-sections (Leica CM1510, Leica Biosystems) fixed
(paraformaldehyde, 4%) and immuno-stained against OVA (anti-OVA abl181688;
Alexa-594 labelled anti-rabbit IgG ab150080, Abcam) according to routine procedures.
The sections were then counterstained with DAPI and imaged by fluorescence
microscopy (BZ-8000Keyence, Neu-Isenburg, Germany; objectives 20x/0.75, zoom 20x,
Plan-Apo, DIC N2). Images were analysed using FIJI image analysis software, an Image]
distribution.?

RESULTS AND DISCUSSION

After synthesizing the three investigated platforms, the monomer conversion,
determined by NMR?, was almost completed. Then, both synthesized NGs were
purified by dialyzed against deionized water, while hydrogel was washed repeatedly in
deionized water. Characterizations were carried out onto the purified systems. Smooth
and flexible PVCL/acrylic patches were obtained by casting a room temperature the
purified PVCL/acrylic NGs dispersion.

Structure of PVCL based carrier systems
14
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The structural composition of the three investigated systems was evaluated in order to
determine their effect on the epidermal transport of proteins (Figure 2). The hydrogel
exhibited a crosslinked structure with a pore size in the range of 15-30 pm (Figure 2a).
As expected, NG pores were naturally not visible by TEM, although their spherical
morphology and a relatively narrow size distribution can be noted (Figure 2b). The
SEM image of the patch shows a complete coalesced film with small pores at the surface
that do not exceed 2 ym in diameter; it provides evidence of the good film-forming

ability of PVCL/acrylic NGs (Figure 2c).
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Figure 2. Microscopy images of the studied carrier platforms: (a) hydrogel, (b) PVCL

NGs and (c) PVCL/acrylic patch.

The investigated systems notably differed in their exposed surface areas. The small
size of NGs at 37 °C — 157 and 393 nm diameters for PVCL and PVCL/acrylic NGs,
respectively — and therefore large surface area-to-volume-ratios, is advantageous for the
mass transfer of protein during loading and release processes. On the other hand, a large

15
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surface area exposed to the environment promotes a fast water evaporation, which
could lead to an incomplete protein release on long-term applications, something less
significant in larger hydrogels. Furthermore, patches are known to enhance skin
penetration due to an increased hydration of the SC caused by occlusive effects.3® In
these contexts, the nanostructured patch obtained from coalesced PVCL/acrylic NGs is
hoped to combine the advantages of both hydrogels and PVCL NGs.

Thermoresponsiveness of the PVCL carrier system

PVCL is a well-studied temperature-responsive polymer that exhibits classic Flory—
Huggins thermoresponsive phase behavior in water (Type I)3!, where its lower critical
solution temperature (LCST) increases with decreasing polymer chain length and
concentration.?? Below its LCST, the PVCL is soluble in water. Above this temperature,
the polymers undergo a phase transition and collapse causing the PVCL to become
insoluble. This phenomenon is reversible; when the temperature is lowered, the
polymers become soluble again.333* The PVCL is crosslinked within our three carrier
systems, and the resulting three-dimensional structures undergo reversible volume
changes between swollen and collapsed states. The presence of both states in all the
three systems was confirmed by determination of their swelling factors — calculated
from volume and weight changes (&, and O, respectively) — as a function of
temperature (Figure 3a). The definition @, allows one to compare the thermal response

of systems following different parameters: volume of the NGs and weight of the patch

16
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and hydrogel. For the three systems a @(7) = 1 refers to the swollen state and a @(7) =

0 to collapsed state. The transition temperatures can be defined as the temperature

when @ 7) = 0.5 (Table 1).

O Hydrogel
a i = _
10 = 4 PVCLNGs 1.0- -, > Patch
I I Patch e O PVCL/Ac NGs
¢ Swollen @ 4 O
= i state L @ ' 0 :
=~ 0.5q : : : =~ 0.54
Q “e Collapsed Q
: ﬁ state : o
| a | " a
w -
0.0 T T T T — 0.0 T T T T —
10 20 30 40 50 60 10 20 30 40 50 60

T(°C) T(°C)

Figure 3. (a) Thermal response (in term of @, and @,) of hydrogel, PVCL NGs and

PVCL/acrylic patch. (b) Thermal response of patch and PVCL/acrylic NGs.

Table 1 —Transition temperatures (Ji(T) = 0.5) and percentage of water gain at 20 °C.

Transition temperature % water gain

Hydrogel 31.7 520 + 10
PVCL NGs 31.4 1887 + 2
PVCL/acrylicNGs 32.0 2079 + 30
PVCL/acrylic Patch  32.0 446 + 13

Parameters determine by volume changes for NGs and weight changes for patch and
hydrogel.

All investigated systems presented broad thermal transitions almost covering the
entire investigated temperature range (25 to 45 °C) (Figure 3), and corresponding to the

phase separation of PVCL at its LCST,® with the transition temperatures in all cases

17
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between 31 and 32 °C. The reason for the wide range of transition could relate to the
broad MW distribution of PVCL inside the gel structures; taking into account that the
LCST of the PVCL varies with molecular weight. The different chain lengths present in
systems likely produce progressive contraction with increasing temperature. This
behavior could also be observed in previous studies of PVCL based NGs, where wider
ranges of transitions were obtained by augmenting the crosslinker and emulsifier
content.?¢

Although the carrier systems have different structures and morphologies (Figure 2),
they allow to hold great amounts of water as well as water soluble drugs or
macromolecules, retaining them until the time of release. Indeed, skin hydration is the
most widely and safest used method to increase skin penetration of both hydrophilic®”
and lipophilic® molecules. Thus, the application of our systems and their high water
contents could also function as a penetration enhancer through the hydration of the SC.

Water gain percentage between collapsed and swollen states was determined by
measuring the weight gain of the hydrogel and patch, and volume gain of the NGs
(Table 1). The water gain percentage of the PVCL/acrylic NGs dispersion was similar to
that of pure PVCL NGs. In agreement, DLS measurement revealed similar levels of
contractility between the two systems, with average diameter (D) variations of 100 nm
and 169 nm between room 25 °C and 37 °C for PVCL and PVCL/acrylic NGs,

respectively (Figure 4). Notably, both NG dispersions showed narrow, monomodal size

18
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distribution (in intensity and in volume with relatively low polydispersity index/PDI).

The water gain in the patch formed from coalesced PVCL/acrylic NGs was similar to

that of the hydrogel (around 4 times less than the NGs dispersions), indicating a close

swelling capacity for both macro-systems. It was also noted that the transition
temperature was practically the same for both of PVCL/acrylic NGs and the obtained

patch, indicating that the film formation process does not interfere with this property

(Figure 3b and Table 1). Remarkably, the transition temperatures of the three systems

were all appropriate for skin delivery applications, since skin temperature is 32 °C at the

surface and rises with increasing depth.?

o
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Figure 4. DLS intensity and volume distributions at 25 and 37 °C of (a) PVCL NGs and

(b) PVCL/acrylic NGs.

Carrier system biocompatibility

PVCL is, reportedly, better tolerated by cells than many other thermoresponsive
polymers.26 Although all three systems are based on PVCL, the presence of surface
charge, acrylic comonomers in the PVCL/acrylic NGs, and possible remnants from the
synthetic process (e.g. monomers and emulsifier) even after the washing process, could
interfere with this property. In this context, the cytotoxicity of the three delivery
systems was evaluated in human dermal fibroblasts. As shown in Figure 5a, 97% of cell
viability was retained when the media was replaced with 100% of hydrogel extract.
Similarly, cell viabilities of 99% and 84% following incubation with PVCL and
PVCL/acrylic NGs (5 mg/mL) respectively were obtained (Figure 5b). One possible
reason for the slightly decreased cell viability following PVCL/acrylic NG treatment is
the presence of a large amount of negative charged acrylic acid®’. These results
confirmed that all the three materials were well tolerated by human dermal fibroblasts,

with all showing greater than 75% cell viability at the highest tested concentration.
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22 Figure 5. Relative viabilities of human dermal fibroblast after 48 h of exposure to (a)
hydrogel extract and (b) different concentrations of PVCL and PVCL/acrylic NGs (n=3,

27 mean + SD).

OVA loading and thermally triggered release

34 The OVA loading capacities (LC; Eq. 3) and encapsulation efficiencies (EE; Eq. 4) of
36 the three systems were quantified (Figure 6). Differences between the loading processes
39 of each system must be considered when interpreting these results. For the PVCL NGs
and hydrogels, unencapsulated OVA was separated from the obtained delivering carrier
44 materials, and therefore they contain only the encapsulated protein. For the case of
47 OVA loaded in the PVCL/acrylic patch, the total mass of protein added to the NG
dispersion was available in the final patch.

52 As expected, PVCL NGs possessed the highest LC value, encapsulating almost all of

55 added OVA (EE = 94 %). Because PVCL NGs have the largest surface area to volume
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ratio, their LC value was those for higher than the other two systems. PVCL/acrylic
NGs presented an EE of 60 %, lower than that obtained for pure PVCL NGs. This may
result from the acrylic phase of PVCL/acrylic NGs does not contribute to OVA
encapsulation. Despite this, the PVCL/acrylic patch demonstrated an EE 100%, likely
due to the specific method used to load OVA in this system. Here, the protein was
incubated with the PVCL/acrylic NGs dispersion, which was then used to cast the patch
without separation of the non-encapsulated OVA. Therefore, all the loaded protein
remained in the patch after water evaporation, where a fraction of OVA was
encapsulated inside the PVCL/acrylic NGs structure and the rest of it could remain in
the interstitial spaces among the NGs particles in the film. Patch formation process
could change the distribution of OVA within it since this involves the evaporation of
water both as, primarily, a disperse media and fraction within the swollen NG
structures. It is expected that the freely dispersed water evaporates more easily than
entrapped in NG interiors. This difference in water evaporation rate could promote the
migration of OVA soluble in the free water toward NG structures.

The PVCL hydrogel presented the lowest EE, likely due to this system exhibited
lower surface-area-to-volume-ratio. The final obtained OVA concentration per mass
polymer (LC) was, however, similar to that observed for the other macro-carrier, the

PVCL/acrylic patch.

22

ACS Paragon Plus Environment

Page 22 of 48



Page 23 of 48

oNOYTULT D WN =

Biomacromolecules

0.963 o4 100

1.0" T '100
B LC
0.8 EE EE - 80
0.6 -60 m
($) m
- 3
0.4- 40 &
22
0.291 5112 0.136 - 20
0.0 ’—‘l T ’_‘l _0

Hydrogel PVCL NGs Patch
Figure 6. OVA loading capacity (LC) and encapsulation efficiency (EE) of the systems

(n=3, mean + SD).

The release profile of OVA from all three carrier systems at 25 and 37 °C was
determined (Figure 7). A higher magnitude and rate of OVA release was observed at 37
°C in all instances. This difference is likely a consequence of the driving force created
by the collapse of the PVCL network at 37 °C. The PVCL NGs presented the best
protein retention at 25 °C and the strongest release at 37 °C. By contrast, difference in
protein release by the hydrogels was less evident at the two respective temperatures.
The patch presented an intermediate behaviour, where, although a notable amount of
protein was released at 25 °C, considerably more exited the patch upon thermally
triggered collapse at 37 °C. This variable behaviour could be a consequence of the
location of the loaded protein within the investigated carrier systems.

Since the PVCL NGs were separated from unloaded protein, OVA will mainly be
present inside their nano-PVCL matrices. In this scenario, the retention or exit of OVA
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is mainly influenced by the volume changes that NGs experience with changing
temperature. As previously described, OVA should be partitioned between the NGs
structure and the interstitial voids of the PVCL/acrylic patches. Here, the OVA fraction
loaded within the NG structures should be more susceptible to the temperature induced
release triggered by the collapse of NGs structure. By comparison, the OVA fraction
present in the interstitial spaces of the patch should be able to more easily exit the
structure at 25 °C, in the presence of the swollen NG, as OVA does not have to diffuse
through the crosslinked PVCL networks. Although unloaded OVA was separated from
the loaded hydrogels, protein release was still important at 25 °C. This could be an
indication that most of OVA was adsorbed onto the hydrogel surface, where a fast
diffusion is independent of temperature media that induced structural changes to the
hydrogel. This finding is in agreement with work published by Zhang and coworkers,
in which the release of BSA from poly(/NV-isopropylacrylamide) hydrogels was
investigated.!

CD spectra of OVA released from the three systems were recorded and compared to a
free OVA solution (Figure 7.d). The secondary structure of the OVA remained intact
following loading and release from all investigated systems, which is an indication that
the structure of OVA was not affected. Therefore, it is expected that the therapeutic

competence of loaded proteins can be maintained in a dermal application.
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Figure 7. Ovalbumin release in PBS buffer from (a) hydrogel, (b) PVCL NGs, and (c)

PVCL/acrylic patch. (d) Secondary structure of OVA released from the three systems

and of a free OV A solution (n=3, mean + SD).

Skin penetration of OVA delivered from the investigated carriers

Some extensively used methods to overcome the barrier of SC such as

microneedles*>#3 and iontophoresis*** are associated with various risks such as

inflammation and infection due to acutely irreversible breakdown of the SC.#¢ Taking

the potential of the here investigated carriers into account, it is worth to compares their

ability to act as dermal delivery systems. To be of use for topical immunization, the
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investigated systems must be capable of delivering antigens past the SC into the viable
epidermis of the skin. Therefore, the capability of these three carrier systems to
facilitate OVA penetration into human skin was investigated. Skin biopsies, either
intact or tape stripped — a common approach to mimic barrier deficient skin*’ — were
topically treated with OVA in PBS or loaded within one of the three PVCL carriers, and
exposed to a temperature ramp (30-37 °C) over a 6 h incubation period. Subsequently,
OVA penetration was visualised. Figure 8 presents 2 images for each OVA penetration
experiments. While left aligned images show OVA staining pseudocoloured with an
intensity scale (shown at bottom of figure), right aligned images represent the overlays
of OVA staining pseudocoloured red, nuclear staining pseudocoloured blue, and bright
field in grey. Dashed yellow lines mark the dermal-epidermal boundary.

As expected, topical application of OVA dissolved in PBS resulted in little detectable
penetration in both tape stripped and barrier intact skin (Figure 8.b). Application of the
hydrogels resulted in very little protein delivery into intact skin (Figure 8.c). In tape-
stripped skin, strong OV A staining was visible throughout the SC and some penetration
into the viable epidermis was observed. By contrast, though again large amounts of
OVA were seen throughout the SC of the tape stripped skin treated with OVA loaded
PVCL NGs, notably more was visible within the viable epidermis (Figure 8.d). OVA
staining of barrier intact skin was largely confined to the SC. These results are

reminiscent of the topical protein delivery mediated by other thermoresponsive NGs.
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For instance, NGs formed of dendritic polyglycerols by poly(/N-isopropylacrylamide) or

thermoresponsive polyglycerol have been shown to deliver proteins as large as 150 kDa

oNOYTULT D WN =

9 past the SC of barrier deficient skin, in a manner apparently dependent on temperature
N triggered release and hydration induced disruptions to SC ordering. 2%

14 By contrast to the similarly structured hydrogels, the PVCL/acrylic patches produced
more extensive staining within the SC of both the barrier intact and tape stripped skin,
19 as well demonstrating apparent delivery of OVA to the viable epidermis of tape stripped
22 skin comparable to the NGs (Figure 8.e). This difference could well correspond to
stronger temperature dependent release of protein from the patches, as compared to the
27 hydrogels (Figure 7), in addition to the occlusive nature of the patch topical application,
30 a point previously shown to enhance skin hydration and subsequent macromolecule

penetration.30
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Barrier intact Tape Stripped

signal intensity

Figure 8. Representative ovalbumin immunohistochemistry (temperature map or red
staining) of (a) untreated skin biopsies or skin biopsies treated with ovalbumin in (b)

PBS, (c) hydrogels, (d) PVCL NGs, or (e) PVCL/acrylic patches. Dashed yellow lines
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mark the dermal-epidermal boundary. Overlays show OVA staining (red), DAPI

staining (blue), and bright field images (grey). Scale bars = 50 pm.

CONCLUSIONS

In this work we aimed to evaluate the effect varied structural compositions had on a
delivery platforms ability to deliver antigens past the skin SC following topical
application. For this, the biocompatible and thermoresponsive polymer PVCL was used
to prepare three carriers that should enable the encapsulation of ovalbumin, and its
subsequent temperature dependent release. The three structural variations consisted of
a PVCL hydrogel with pore size in the range of 15-30 ym, PVCL NGs with an average
collapsed diameter of 157 nm, and a nanostructured patch obtained by casting
PVCL/acrylic NGs — average collapsed diameter 393 nm - with film formation
capability. All three systems were able to load OVA, a model antigen, though the PVCL
NGs showed the highest loading capacity. They also demonstrated a temperature
triggered OVA release in vitro, where faster release rates were achieved when their
media temperatures were raised above the carrier system’s transition temperatures. The
structural integrity of OVA was not affected by loading into, and release from the
investigated systems. In comparison to application of OVA in PBS, which, as expected,
resulted in negligible penetration, the OVA loaded carrier systems were more
successful. The PVCL NGs only showed improved protein penetration in tape stripped

skin, following the behavior of other reported thermosensitive NGs. Application of the
29
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hydrogels resulted in little OVA penetration to the late epidermis of barrier intact and
tape stripped skin. PVCL/acrylic patches appeared to achieve a greater amount of OVA
delivery to the epidermis in both the barrier intact and tape stripped skin following
topical application. The differences in the system’s ability to deliver OVA to deeper
layers of the skin could be related to their capability to shrink and expel the loaded
protein upon sufficient thermal trigger, generating an additional penetration stimulus.
These properties favour the NGs and nanostructured PVCL/acrylic patches, where the
protein carriers are based on a nanoparticulate system. Considering the alteration of the
SC caused by topical application of OVA loaded PVCL NGs, the PVCL/acrylic patch
appears to be a good candidate as transdermal immunization system.
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25 Figure 4. DLS intensity and volume distributions at 25 and 37 °C of (a) PVCL NGs and (b) PVCL/acrylic NGs.
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