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Abstract
Although hydration is long known to improve the permeability of skin, penetration of
macromolecules such as proteins is limited and the understanding of enhanced transport is based on
empirical observations. This study uses high-resolution cryo-scanning electron microscopy to
visualize microstructural changes in the stratum corneum (SC) and enable a mechanistic
interpretation of biomacromolecule penetration through highly hydrated porcine skin. Swollen
corneocytes, separation of lipid bilayers in the SC intercellular space to form cisternae, and networks
of spherical particulates are observed in porcine skin tissue hydrated for a period of 4–10 h. This is
explained through compaction of skin lipids when hydrated, a reversal in the conformational
transition from unilamellar liposomes in lamellar granules to lamellae between keratinocytes when
the SC skin barrier is initially established. Confocal microscopy studies show distinct enhancement
in penetration of fluorescein isothiocyanate-bovine serum albumin (FITC-BSA) through skin
hydrated for 4–10 h, and limited penetration of FITC-BSA once skin is restored to its natively
hydrated structure when exposed to the environment for 2–3 h. These results demonstrate the
effectiveness of a 4–10 h hydration period to enhance transcutaneous penetration of large
biomacromolecules without permanently damaging the skin.
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INTRODUCTION
A number of studies have been conducted on the skin, in particular the stratum corneum (SC),
which functions as the main barrier to the human body.1–6 Its role is to regulate transepidermal
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water loss and restrict the entry of foreign bodies and pathogens. Commercially available
products utilizing transdermal delivery have been mainly limited to low molecular weight
lipophilic drugs (MW < 500 Da)7, with larger molecules (MW > 500 Da) facing penetration
difficulties. From the perspective of immunology8–11 and drug delivery,11,12 the penetration
of macromolecular compounds through the skin is of much interest.

Needle-free transcutaneous immunization is of potential advantage in avoiding needle-borne
disease associated with improper disposal and needle reuse,13 and offers increased patient
compliance. It has also been shown to promote mucosal as well as systemic antibody responses,
which is beneficial in protection against infectious agents entering through the oral, nasal, or
other mucosal surface. The efficacy of transcutaneous immunization has been shown in several
animal models in which significant immune response and, in some cases, protection from
exposure to pathogens was demonstrated.14–17 Clinical trials have also indicated the safety
and efficacy of this administration route in humans.18–20 Such needle-free immunization
targets the vast network of antigen presenting cells in the dermis and epidermis.21 The antigen
only needs to penetrate through the SC to reach the antigen presenting cells, known as
Langerhans cells, which upon activation following phagocytosis of the antigen, migrate out of
the skin into the draining lymph node, present the antigen to T cells, and subsequently elicit
an immune response.22 However, due to the impervious nature of the SC towards
macromolecules, a suitable penetration enhancer should substantially improve transport of
macromolecules through the skin. A variety of technologies have been developed to enhance
penetration for macromolecules through the skin, including the use of microneedles,23–25

electroporation,26,27 laser generated pressure waves,28–31 hyperthermia,32 low-frequency
sonophoresis,33–39 iontophoresis,40–43 penetration enhancers,44–51 or a combination of these
methods.52–54 Many penetration enhancement techniques face inherent challenges, such as
scale-up and safety concerns.7

Water is the most natural and biocompatible penetration enhancer known to improve the
permeability of skin.22,55–58 Changes to the SC have been monitored using a variety of
techniques including freeze-fracture electron microscopy and neutron scattering. Earlier work
on hydration appeared to indicate negligible changes in SC ultrastructure.59,60 However, in
the more recent literature there appears to be increasing evidence that extensive hydration using
occlusion methods may lead to disruptions of the lipid ultrastructure.2,3,61–63 The use of water-
based formulations for transcutaneous delivery of vaccines have provided encouraging results.
18 However, there is a lack of articles in the literature relating both the changes in skin
microstructure with hydration and the penetration of macromolecules through hydrated skin.

In this article, we focus on the use of cryo-scanning electron microscopy (cryo-SEM) to explore
how extensive hydration changes the SC to allow the penetration of macromolecules. We
clearly show that the SC is a dynamic structure, where extended hydration (>8 h) swells
corneocytes, creates intercorneocyte ruptures, and causes microstructural changes in lipid self-
assembly. The implications to biomacromolecule penetration are significant, since these
disruptions allow penetration through the barrier of the SC. The disruptions are reversible, as
removing the hydration source easily restores the barrier. Through high-resolution cryo-SEM,
we are able to understand microstructural changes in the SC as a function of hydration, and
are able to image ultrastructural changes in lipid self-assembly. We propose a qualitative model
to understand how corneocyte swelling with hydration leads to perturbations in intercorneocyte
lipid conformations and allows the generation of new pathways for water penetration.
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MATERIALS AND METHODS
Materials

Fluorescein isothiocyanate-bovine serum albumin (FITC-BSA) was purchased from Sigma–
Aldrich (St. Louis, MO). Distilled water was used to hydrate porcine skin. 0.1M phosphate
buffer solution (pH 7.4) containing 50mg/mL FITC-BSA was prepared and stored at 4°C.

Preparation of Porcine Skin Tissue
Full-thickness porcine skin from newborn to 1-month-old pigs, provided by the Louisiana State
University AgCenter Swine Unit, was immersed in liquid nitrogen to rapidly freeze the tissue
and stored in the freezer. For experimentation, a piece of frozen porcine skin was thawed at
room temperature. The hair was trimmed down to ~1–2mm and the subcutaneous fat was
removed.

Hydration of Porcine Skin Using an Occlusive Wet Hydration Patch
The gauze portion of an adhesive bandage or “Band-aid” was fully wetted with distilled water
before placing the patch onto the surface of porcine skin. The porcine skin, partially occluded
by the patch, was enclosed in a petri dish such that the skin surface not exposed to water would
not dehydrate with time (Fig. 1). (Note: Enclosure of porcine skin in a petri dish was chosen
because regions of porcine skin not exposed to water from the bandage will become dry within
an hour if conducted in an open system). After 4–10 h of hydration, the patch was discarded
and the skin was immediately plunged in liquid nitrogen prior to sectioning of the sample for
cryo-SEM.

Cryo-Scanning Electron Microscopy
Porcine skin frozen in liquid nitrogen was sectioned to obtain a thin slice of ~1mm thickness.
The strip of pigskin was mounted vertically on the cryo-SEM sample holder with a small
amount of Tissue-Tek adhesive (Sakura, Ted Pella, Redding, PA). The sample was rapidly
plunged into liquid nitrogen slushed lower than −190°C (Gatan, Pleasanton, CA, Alto 2500),
withdrawn into a vacuum transfer device under the protection of high vacuum, and transferred
into the cryo-preparation chamber where the temperature was maintained at −130°C and the
anticontaminator at around −188°C. The porcine skin tissue was freeze fractured using the flat
edge of a cold knife maintained at −130°C and sublimated for 5min at −95°C to etch away
surface water and expose the internal structural features. After sublimation, the temperature of
the stage was adjusted back to −130°C and the sample was sputter coated with platinum at 10
mA for 85 s. The sample was then transferred into the main chamber of the Field Emission
SEM (Hitachi S-4800) via an interlocked airlock and mounted onto a cold stage module (−130°
C) fitted to the SEM stage. Images were acquired at a voltage of 3 kV and at a working distance
of ~6mm.

Loading of FITC-BSA on Skin Tissue
A 20-µL droplet of FITC-BSA (50 mg/mL) was deposited at the center of the skin tissue to
prevent spilling of the protein solution down the sides of the specimen. The porcine skin was
kept covered in a petri dish so that both the fluorescent protein and the skin tissue would not
dry out. Aluminum foil was wrapped around the petri dish to prevent photo-bleaching of the
fluorescent protein. One hour after loading of the fluorescent protein, excess FITC-BSA was
wiped off the skin surface. The skin surface was rinsed with water and pat dry with a kimwipe.
Fixation of the skin samples was carried out by first soaking the samples in a 4%
paraformaldehyde solution prepared in 1 × PBS and subsequently in a series of sucrose
solutions (20%, 30%, and 40% sucrose). The samples were then embedded in Tissue-Tek and
kept frozen at −80°C prior to cutting 8 µm thick cross-sections of the samples using a cryostat
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(Micron HM505E). The Tissue-Tek surrounding the skin sections on the glass slides was
removed by immersing the glass slides in 1× PBS buffer for 3–5 min, following which the
glass slides were wiped dry and the skin sections were mounted in Prolong Gold antifade
reagent (Invitrogen, Carlsbad, CA) containing 4′,6-diamidino-2-phenylindole (DAPI). This
step enables staining of the cell nuclei with DAPI and makes the fluorescent compounds more
resistant to photo-bleaching.

Confocal Microscopy
A confocal microscope (Leica DMIRE2) was used to image the cross-sections of porcine skin
tissue. The system is equipped with an argon and diode laser. Two different tracks were used
to monitor FITC-BSA and the DAPI-stained cell nuclei in skin tissue independently. FITC-
BSA was excited at 488 nm and the fluorescent emission signals are represented by a green
color. The DAPI-stained cell nuclei were excited by the diode laser at 405 nm and are shown
by a blue color. The stained cell nuclei help identify structural features and determining the
orientation of the skin tissue in the images. Images were acquired using a 20× objective lens.
The pinhole was adjusted to 72.76 µm and an average of eight scans was collected for each
image.

RESULTS AND DISCUSSION
In vitro experiments were conducted on porcine skin because the SC lipid composition in
porcine skin bears the closest resemblance to human skin lipids compared to other animals
such as the mouse, sheep, or cow.64 The porcine SC is slightly thicker than in humans; however,
the thickness of the entire epidermis is very similar between the two species. The lipid
composition and total lipid content of the SC is quite similar as well.65 Furthermore, a number
of permeation studies conducted either in vivo or in vitro show permeability resemblance in
human and porcine skin.66–69 Specifically, skin from weanling pigs most closely approximates
the permeation resistance of human forearm skin;64 for this reason, skin from animals 1 month
of age or younger was used. For imaging purposes, cryo-SEM is a suitable tool to visualize
skin tissue immobilized in the frozen state in three-dimensional form.70 It is preferred over
conventional SEM due to omission of artifacts induced in fixing and dehydration procedures,
and provides a faithful representation of water-swollen structures. Since water plays an
important role in lipid self-assembly, it is important to avoid dehydration procedures to preserve
native lipid microstructures. Cryo-SEM enables easy comparison of overall ultrastructural
changes throughout the skin tissue and provides clear visualization of depth profiles. Moreover,
the ability to etch water from the skin tissue allows determination of changes in corneocyte
keratin density, and improves visualization of intercellular separations. Our study is based on
results that have been repeated at least three times, with a total of 121 cryo-SEM images and
81 confocal microscopy images taken.

Untreated Porcine Skin
Native, untreated porcine skin tissue was first imaged on the cryo-SEM as control, and as a
reliable comparison for highly hydrated skin tissue. A small piece of skin sample was thawed
at room temperature and immediately imaged. The porcine skin samples were cryo-fractured
to reveal a clean cross-section of the skin tissue and coated with a thin layer of platinum to
prevent sample charging during imaging. Figure 2 and Figure 3 show typical views of native,
untreated porcine skin at low and high magnification, respectively. The SC of untreated porcine
skin (Fig. 2) consists of tightly apposed corneocytes with minimal intercellular space. The
thickness of the SC is slightly more than 10 µm and consists of 27–30 corneocyte layers. In
the deeper layers of the SC, the corneocytes assume a more irregular shape, with thicker regions
~700–1000nm (Fig. 3b). More than two-thirds of the SC (~20 corneocyte layers), located closer
to the skin surface, consist of 150–300nm thick flat corneocyte cells (Fig. 3c). More corneocyte
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layers in porcine skin are observed here than that reported for human skin, which is between
12–20 layers.2 It should be noted that pig SC is typically thicker than human SC.65 Since
porcine SC thickens much faster with maturity compared to human SC,65 new-born to 1-month-
old pigskin was used to reduce the disparity between the two species.

Hydration of Porcine Skin Using an Occlusive Wet Hydration Patch
In order to compare natively hydrated porcine skin with externally hydrated skin, we hydrated
porcine skin tissue using a wet hydration patch. This is a simple hydration procedure where
the gauze part of an adhesive bandage or “Band-aid” was periodically wetted with water and
attached onto the porcine skin surface. The skin tissue with the wet patch affixed was placed
on the microscope slide and kept enclosed in a petri dish containing a little water during the
entire duration of hydration to ensure that parts of the skin tissue not covered by the patch did
not dry out, and stayed natively hydrated. After the intended duration of water exposure to the
gauze-covered region of the skin, the hydrated skin tissue was immediately frozen in liquid
nitrogen and imaged on the cryo-SEM.

External hydration of porcine skin for an hour does not result in any significant changes as
shown in Figure 4a, where it is clearly observed that the SC still consists of tightly packed
corneocyte layers. Figure 4b shows the cross-section of skin tissue hydrated for 6 h and
indicates a threefold increase in the thickness of the SC. Due to the variability in skin tissue
from different animals, such gross changes in the SC are seen for time periods ranging from 4
to 10 h of hydration using the occlusion patch. In all samples, we observe that at least several
locations in the SC lose their compact corneocyte structure and expand three- to fourfold to a
thickness of 30– 40 µm. Separation of the lamellar lipids between corneocytes to form small
cisternae is observed in multiple locations throughout the SC, and is especially evident in the
middle layers (Fig. 4b). The separation of lipid bilayers in highly hydrated skin shows that the
intercorneocyte lipid region has been compromised. The inset to Figure 4b clearly reveals that
the keratin-filled corneocyte cells, which can bind substantial amounts of water have become
swollen. With slight etching, unbound water in the cross-section of corneocytes is removed,
clearly revealing a distinct keratin filament pattern and a more porous internal corneocyte
composition. The results presented above show that significant alterations can be inflicted upon
the SC when hydrated sufficiently.

We have carried out time dependent studies on the change to the SC when subjected to
hydration, and the results are summarized through Figure 5 illustrating the SC thickness as a
function of time. The data plotted with the standard deviation shown is for multiple points
taken from the skin of one animal. There appears to be three rough stages of hydration. In Stage
1 which extends for around 2 h, there is a small expansion of the SC with about a 10–20%
increase in thickness from around 8mm to around 9mm. With increasing hydration time, there
is further swelling of the SC and small spacings between corneocytes are observed which leads
to the apparent increase in thickness to 12–14 mm. (Stage II). When hydration is extensive,
ruptures are observed with a three- to fourfold expansion of the SC (Stage III). The data point
in Stage III has a comparatively larger standard deviation. This is because the standard
deviation accounts for the thickness of the ruptured sections of the SC as well as that of
nonruptured sections. The corresponding cryo-electron microscopy images of the unruptured
and ruptured sections (Stage III) are shown in Figure 6. Although Figure 5 shows the general
trend for porcine skin when hydrated, the ruptures may occur at an earlier or later time due to
variability of skin tissue from different animals. This explains the slight overlap in the hydration
time range for Stage II and Stage III. In fact, we have observed ruptures occurring in skin tissue
that was hydrated for as short as 4 h.
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Spherical/Vesicular Lipid Structures in Cisternae
Figure 7a shows the interiors of two cisternae containing particulate matter in highly hydrated
porcine skin. Contents of cisternae consist of individual or agglomerated polydispersed spheres
(or beads) strung on filamentous material as shown in the high-resolution micrographs of
Figure 7b and c. These features are not artifacts and have been observed in all extensively
hydrated porcine skin samples that we have examined. They have also been observed (but in
much lower resolution) in extensively hydrated human skin samples.62

Since these cisternae represent ruptured intercorneocyte regions, the spherical entities probably
represent skin lipids (originally existing in the lipid bilayers) that have undergone a
conformational change. These empirical observations obtained through high-resolution cryo-
electron microscopy, helped us determine a mechanism for the formation of cisternae and the
phase-segregated structures within the cisternae, which is illustrated through Figure 8. As the
corneocytes swell due to the affinity of keratin filaments for water, bending stresses arise at
the corneocyte edges where the curvatures are the highest, with the approximate analogy of
long flat pancake-like structures swelling to long prolate ellipsoidal structures, with the highest
curvatures at the ends of the major axis. These stresses lead to ruptures in the extracellular lipid
matrix and allow water penetration. The resultant change in the lipid–water phase composition
may lead to modifications in the lipid conformations with the beadlike assemblies in Figure
7b and c occurring due to phase segregation between the water insoluble lipids and water. We
have observed such conformation changes in other extended lipid systems where crystalline
mesophases of tubular hexagonal arrays roll up into multilamellar vesicles upon water addition.
71 Thus, we propose that water intrusion through the ruptured path-ways leads to phase
segregation of the water insoluble ceramide lipids in skin and the beaded structures. We do not
know what the filamentous material is, whether they represent tubule-like lipid structures or
fragments of corneodesmosomes. After the ruptures take place, we also see a small
compression (or a less swollen state) in the corneocytes adjacent to the rupture.

Penetration Studies of Fluorescein Isothiocyanate-Bovine Serum Albumin (FITC-BSA) in
Control Versus Highly Hydrated Skin

In order to determine whether hydration has sufficiently opened up pathways for penetration
of large molecules, we compared the penetration of a fluorescent-labeled model protein (FITC-
BSA) through both natively hydrated and extensively hydrated skin (8 h hydration) using
confocal microscopy. The FITC-BSA solution was loaded on top of the skin tissue for an hour
in an environmental chamber under conditions that prevented dehydration and photo-bleaching
of the fluorescent probe. To allow for an even comparison between natively hydrated and highly
hydrated samples, the same amount of fluorescent protein and identical imaging conditions
were used in all cases. The green color in Figure 9 indicates the collective emission signal of
the fluorescent protein in the skin tissue while the blue color shows DAPI-stained nuclei of
cells. Very limited movement of FITC-BSA through native porcine skin was observed, with
FITC-BSA simply accumulating on the skin surface (Fig. 9a). In contrast, Figure 9b clearly
shows significantly enhanced penetration of the fluorescent protein through highly hydrated
skin with penetration deep into the dermis. There is a general widespread distribution of the
protein throughout the skin tissue instead of distinct focused spots of penetration, signifying
that the transport pathways of the protein are diffused throughout the skin.

Recovery of Skin Ultrastructure
To test the reversibility of porcine skin hydrated for 4–10 h, the wet patch was removed to let
the skin recover at ambient conditions for 2–3 h, before imaging the skin tissue on the cryo-
SEM. Figure 10 shows the cryo-SEM of restored porcine skin. We observe that the corneocytes
resume a compact packing and the ruptures have disappeared. Dilations and cisternae are not
noticed after skin recovery. The observation also lends credibility to the hypothesis that skin
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lipid conformations are based on compositions in the lipid–water phase diagram. As the water
content in the SC returns to the natively hydrated levels, the intercorneocyte lipids again form
extended structures. To further test the barrier properties of the recovered SC, we carried out
the FITC-BSA penetration experiment. Figure 9c indicates restoration of the penetration
barrier. We anticipate the ability of the skin to recover to be more potent in live subjects. This
may be an advantage of hydration over skin abrasion in penetration technologies, since skin
restoration after abrasion is based on a much longer skin turnover time period.

In summary, high-resolution cryo-SEM results demonstrate that a sufficient hydration time is
required before gross changes occur in the SC ultrastructure, which can be correlated to an
enhancement in protein penetration. Since neither erythema nor complications of dermatitis
have been reported for a 6–24 h exposure to water,62,72–75 we believe that this approach would
help to overcome the skin barrier safely and reversibly. The results presented in this study have
to be viewed with caution when translated to human subjects. We must realize that we are using
an in vitro procedure with porcine skin and a model protein. While depth of penetration can
be seen through confocal microscopy, it is hard to quantify the level of penetration. Occlusive
vaccine patch technology studies on human subjects with hydration do show a degree of
efficacy.18 But these are empirical studies that do not correlate penetration to skin
ultrastructure. We believe that this work offers an explanation of why occlusive patch
technology is feasible especially when the skin is extensively hydrated. It is important to keep
the SC continuously hydrated under an occlusive patch for extended periods to create such
disruptions. From a technological perspective, our results clearly indicate the viability of using
a “wet patch” to facilitate vaccine antigen penetration through the SC and presentation to the
underlying dendritic cells of the immune system. On an alternate note, the ability of extended
hydration to dramatically change SC structure calls for careful interpretation of skin penetration
experiments conducted in diffusion cells. Hydration of the SC side of the skin for extended
periods to equilibrate the skin prior to penetration studies would have altered the SC
permeability significantly. An improvement in penetration is also expected when water-based
formulations are applied on the skin for an extended period of time since the skin would have
been hydrated sufficiently for new penetration pathways to emerge.
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Figure 1.
Illustration of porcine skin hydrated using a wet band-aid.
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Figure 2.
Cryo-SEM image showing the cross-section of natively hydrated porcine skin obtained after
cryo-fracturing. The stratum corneum, which runs diagonally from the top left to the bottom
right in the picture, is seen overlying the viable epidermis. The stratum corneum of the untreated
tissue is ~10 µm thick (marked by arrows) with a compact ultrastructure.
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Figure 3.
Low and high magnification cryo-SEM images of the stratum corneum of natively hydrated
porcine skin tissue. a: The stratum corneum consists of a dense outer layer and a less dense
inner layer (each arrow marks the location of a corneocyte cell in the inner layer). b: The inner
layers consist of irregular shaped corneocyte cells (indicated by arrows). Small gaps between
corneocytes in b are artifacts of cryo-fracturing. c: The outer layer consists of densely packed
flat sheets of corneocyte cells.
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Figure 4.
a: Stratum corneum of porcine skin hydrated for an hour. b: Stratum corneum of highly hydrated
porcine skin measuring slightly over 30 µm (marked by arrows). The inset, a high magnification
image of the boxed region in (b) reveals separation of lipid bilayers to form water pools.
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Figure 5.
Graph illustrating stratum corneum thickness at different hydration periods.
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Figure 6.
Stratum corneum thickness of (a) nonruptured and (b) ruptured skin sections when hydrated
for 8h (Stage III).
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Figure 7.
Contents of cisternae in highly hydrated porcine skin. a: Cisternae (asterisks) frequently contain
particulate matter. b: Agglomerated polydisperse spheres (or beads) attached through thin
strings to form networks in a cisternae. Some beads are fused to the cisternal walls (white
arrows), others attach to the cisternal walls through thin strings (black arrows). The beads may
be disrupted lipids that have rearranged and formed multilamellar vesicles. c: High
magnification image of globular structures in a cisternae.
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Figure 8.
Illustration depicting changes in corneocytes and the intercellular lipid matrix upon prolonged
external hydration. a: Initially, corneocytes are densely packed in the stratum corneum. b: Upon
external hydration, corneocytes become swollen leading to small ruptures in the intercellular
lipid matrix. c: The ingress of water leads to the formation of a cisterna containing spherical
lipid aggregates.
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Figure 9.
Confocal images of (a) natively hydrated, (b) highly hydrated, and (c) restored porcine skin
tissue after FITC-BSA was loaded for an hour. The three vertical columns shows images of
skin tissue obtained through the FITC channel (left), the DAPI channel (middle), and an overlay
of FITC and DAPI channels (right). The green color indicates presence of FITC-BSA while
the blue color shows the DAPI-stained cell nuclei. Scale bar = 150 µm. SC, stratum corneum;
EP, epidermis; D, dermis.
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Figure 10.
Restored porcine skin tissue shows absence of huge cisternae and a compact ultrastructure.
Inset shows a higher magnification image of the corneocytes in restored skin.
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