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ABSTRACT

Dermatomed porcine skin was fixed to a flexing device and topically dosed with 33.5 mg mL 1 of an aqueous solution of a fullerene-substituted
phenylalanine (Baa) derivative of a nuclear localization peptide sequence (Baa-Lys(FITC)-NLS). Skin was flexed for 60 or 90 min or left unflexed
(control). Confocal microscopy depicted dermal penetration of the nanoparticles a t 8 hin skin flexed for 60 and 90 min, whereas Baa-Lys-
(FITC)-NLS did not penetrate into the dermis of unflexed skin until 24 h. TEM analysis revealed fullerene-peptide localization within the intercell ular
spaces of the stratum granulosum.

The ability of quantum dots and fullerenes to penetrate intact

. X ) . OH
skin'? provides potential benefits for the development of
nanomaterial applications involving drug delivery. For these —"R
developments to occur, it is important to fully understand ||4

the mechanisms through which nanoparticles traverse skin
and to determine external factors that contribute to increased R =H (Baa, 1a); C(O)0Bu (N-Boc-Baa, 1b)
penetration. Many processes in the occupational environment,
for example, involve repetitive motions that accentuate

naturally occurring biomechanical forces and alter the body’s

ability to perform certain physiological functioA$echan-

ical stimulation that occurs during these repetitive motions

may alter the structural organization of skin and lead to

increased penetration of nanoparticles by compromising the
permeability barrier of the epidermis.

The high prevalence of podoconiosis in the African rift
valleys due to exposure of unprotected feet to soils with high
concentrations of zirconium and beryllidthled Tinkle et
al. to investigate the relationship between particle penetration

Figure 1.

and mechanical stressérShese results showed a direct
correlation between particle penetration and a flexing move-
ment used to simulate pressure applied by walking baréfoot
and suggest that forces applied to skin during standard
physiological processes, such as walking, can influence
dermal exposure and lead to increased penetration. To
investigate the relationship between nanoparticle penetration
and biomechanical loading, a fullerene-substituted peptide,
Baa-Lys(FITC)-NLS was synthesized, and its penetration
through flexed and unflexed skin was observed.
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Figure 2. Calculated structure of Baa-Lys(FITC)-NLS showing the special relationship betweenrdhadCFITC residues.
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Figure 3. Confocal scanning microscopy images of intact skin dosed with Baa-Lys(FITC)-NLS for 8 h. Top row: confocal-DIC channel
image shows an intact stratum corneum (SC) and underlying epidermal (E) and dermal layers (D). Middle row: Baa-Lys(FITC)-NLS
fluorescence channel (green) and confocal-DIC channel show fullerene penetration through the epidermal and dermal layers of skin. Bottom
row: fluorescence intensity scan showing Baa-Lys(FITC)-NLS penetration. All scale bars repregent 50

the peptide showing cellular uptake, whereas the samelinkage and the ability to prepare peptides with a fluorescent
peptide sequence in the absence of Baa shows no transpoitag allows for investigation of the transport of a bisano
across the cell membrafi®©ne peptide sequence that shows conjugate through skin.

particular facile intracellular transport is based on the nuclear The couplings of normal amino acid sequence without Baa
localization sequence (NLS, primary sequence H-Pro-Lys was carried out on an automated peptide synthesizer using
Lys-Lys-Arg-Lys-Val-OH). The stability of the fullerene preloaded Fmoc-Val-Wang resin as the solid pHagdter
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Figure 4. Confocal scanning microscopy images of skin dosed with Baa-Lys(FITC)-NLS for 24 h. Top row: confocal-DIC channel image
shows an intact stratum corneum (SC) and underlying epidermal (E) and dermal layers (D). Middle row: Baa-Lys(FITC)-NLS fluorescence
channel (green) and confocal-DIC channel show fullerene penetration through the skin. Bottom row: fluorescence intensity scan of Baa-
Lys(FITC)-NLS. All scale bars represent odn.

the NLS sequence (Pro-Lydys-Lys-Arg-Lys-Val) was were subsequently flexed for 60 or 90 min or left unflexed
completed, a Lys(Mtt) residue was coupled to the end to (control). In pilot studies, skin flexed for either 15 or 30
allow attachment of the fluorescein isothiocyanate (FITC) min and dosed with radiolabeled methyl parathion showed
fluorescent marker. The coupling with N-Boc-Baa (Figure no evidence of increased penetration in comparison to
1b)* was performed manuallf. Cleavage from the resin  unflexed samples. Therefore, flex of times of 60 and 90 min
followed by RP-HPLC purification yielded the fullerene were chosen to investigate nanoparticle penetration. After
substituted peptide, Baa-Lys(FITC)-NLS (Figure2Refore the allotted flexing time, percutaneous absorption was
functionalization, the individual fullerenes were, on average, assessed using a flow-through diffusion cell systém.
0.7 nm in size. Individual Baa-Lys(FITC)-NLS particles are Temperature and pH of the perfusate (1.2 mM,RB), 32.7
ca.3.5 nm. mM NaHCQ;, 2.5 mM CaC}, 4.8 mM KCl, 1.2 mM MgSQ@

Because of its physiological and structural similarities to 7H:O, 118 mM NaCl, 1200 mg.t! p-glucose, 4.5% BSA,
human skin'3>-16 porcine skin was used a model for human 5 U/mL heparin, 3Qug-mL~* amikacin, and 12.5 tnL™?
skin in this study. The care and experimental use of all pigs penicillin G) were monitored and kept constant at’87and
were in accordance with the North Carolina State University pH 7.4. The diffusion cells were run at 1.75 mnhin~* for
Institutional Animal Care and Use Committee (IACUC). Pigs eithe 8 h or 24 h.Immediately after each time point, the
were sacrificed by intravenous injection of 100 mg/kg samples were bisected along the flex line and either frozen
Euthasol (Delmarva Laboratories, Inc., Midlothian, VA), and at—80 °C for later sectioning or placed in Trump’s fixative
the skin was dermatomed at a thickness of 4@0. The at 4 °C for transmission electron microscopy (TEM).
dermatomed skin was fixed to a flexing apparatus designedConfocal microscopy and TEM were used to visualize Baa-
to flex skin at4 45° and at a frequency of 20 flexesin! Lys(FITC)-NLS penetration (see Supporting Information).
(a detailed description of the flexing device can be found in At least three diffusion cells were run for each flex time
Supporting Information). and exposure time.

To determine the effects of flexing on skin penetration,  For each experimental treatment, Baa-Lys(FITC)-NLS had
the dermatomed skin was dosed with 20 of Baa-Lys- penetrated the skinyb8 h (Figure 3). The fullerenes were
(FITC)-NLS in 1% PBS (33.5 mgnL 1), and the dosed areas localized primarily in the epidermal layers of non-flexed
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for 90 min that depicts localization of the fullerene within
the intercellular space of the stratum granulosum cell layer
at 24 h.

This study investigated the effects of mechanical flexion
on the penetration of fullerenes through intact skin. In
/ developing new applications involving nanomaterials and
nanoparticles, it is important to adequately assess all factors
that can lead to increased nanoparticle exposure. Previous
research has already demonstrated that nanoparticles can
y penetrate skin cefid®and intact skirf;? the aim of this study
\ : is to identify factors that can lead to increased penetration
* and/or rate of penetration. Evaluation of these factors is of
interest for the development of nanodrug delivery applica-
tions and in identifying occupational hazards that arise during
manufacturing processes and repeated exposure to nanopar-
ticles. Since recent research has identified the potential
toxicity of some nanoparticl€s'> 23 these results could have
profound implications for researchers, manufacturers and
medical personnel alike.

Figure 5. Unstained transmission electron microscopy image of ~ 1he mechanical loading regimes used in this study attempt
Baa-Lys(FITC)-NLS (arrows) localization at 24 h in skin flexed to mimic physiological forces that can occur during nano-

for 90 min. The fullerenes are present within the intercellular Space partic]e manufacturing processes or conditions involved in
of the stratum granulosum cell layer (shown by the arrows). The ,nsymer use. The external forces applied to the skin while
scale bar represents 300 nm. . s

flexing proves to have a significant effect on both the rate

, ] and extent of fullerene penetration. Skin flexed for 90 min
(control) skin, whereas the 60 and 90 min flexed samples ghows evidence of dermal penetration afiéh of nanopar-

showed evidence of greater epidermal (60 min) and dermalyicie exposure, whereas control specimens show evidence
(90 min) penetration (Figure 3, middle row). Skin flexed for - o fy|lerenes primarily localized in the epidermis and only a
90 min had a substantially greater amount of Baa-Lys(FITC)- g|ight amount in the dermis after the 24 h treatment. These
NLS dermal penetration than non-flexed skin (control) and eqyits suggest that the action of a flexing procedure increases
60 min flexed skin. The DIC images (Figure 3, top row) he rate at which fullerenes can penetrate through the skin.
depict an intact stratum corneum, which provides evidence pyrthermore, flexing increased the amount of fullerenes that
that nanoparticle penetration did not occur as a result of skin,yere capable of penetrating into the dermal layers of skin,

abrasion. The fluorescence of Baa-Lys(FITC)-NL as it moves ingjcated by the higher fluorescence intensity of fullerenes
through the skin can be seen in Figure 3, middle row. The t5r poth 60 and 90 min flexed skin.

fluorescence intensity maps (Figure 3, bottom row) reveal a
concentration gradient of the Baa-Lys(FITC)-NLS, ranging

fro"_‘ a high concentranon_ of_part|cles in the epidermis study, TEM depicted derivatized fullerenes localized within
(white) to a low concentr_atlon in the dermal layers (plue). intercellular spaces of the epidermis, suggesting that migra-
Images are re'pr.esentatlve of two separate experiments;q through the skin occurs intercellularly as opposed to
performed in triplicate. movement through cells. Additionally, the concentration
After 24 h of Baa-Lys(FITC)-NLS treatment, skin penetra- gradients of fullerenes between the epidermis and dermis
tion was greater in all experimental groups (Figure 4). Again, shown in the fluorescence intensity maps of Figures 3 and 4
the DIC images reveal a thick, intact stratum corneum and ingicate that fullerene penetration occurs via a mechanism
the intensity maps show the highest concentration of particlespf passive diffusion. Therefore, movement of the derivatized
in the upper epidermal layers and a lower concentration aspanoparticles through the skin is dependent on the hydro-
the fullerenes penetrate into the dermis. Skin flexed for 90 phobic lipid entities that are present between the epidermal
min showed the greatest amount of dermal penetration, cells. These intercellular lipids are arranged into lamellar
evident by the higher fluorescence intensity of the nanopar- sheets and, typically, responsible for the permeability barrier
ticles in this group (Figure 4, bottom row). It is important  of the skin2* The ability of the nanoparticles to traverse
to note that for all treatments nanoparticle penetration was through these lipid lamellae and to enter into the dermis of
non-homogeneous probably due to a nonuniform distribution skin indicates that nanomaterials could get absorbed by the
of the dose over the dose region and/or differences in the capillaries of the papillary layer with the potential to localize
thickness of the epidermis. The images presented aree|sewhere in the bod}.For drug-delivery applications, the
representative of the trends seen for each set of treatmentsapjility of nanoparticles to have access to systemic circulation
TEM further verifies that Baa-Lys(FITC)-NLS is capable has important implications. However, because some nano-
of penetrating intact skin and localizing between kerati- particles have been shown to initiate adverse biological
nocytes. Figure 5 is a representative image of skin flexed response&!®23there are potential risks for systemic toxicity

The route of nanoparticle penetration through the skin is
of great interest, especially in the nanomedicine field. In this
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to occur and, therefore, the need arises for risk assessmenReferences

and the establishment of safety regulations.

At present, the mechanisms through which flexing in-
creases nanoparticle penetration are unknown. Dynamic light
scattering and cryo-TEM analyses were conducted in order
to determine the particle size in solution and to determine
its relationship to transport through skin (refer to Supporting
Information for procedure details). On the basis of these
techniques, it was found that in solution Baa-Lys(FITC)-
NLS forms spherical and ellipsoidal clusters with average
aggregate sizes of approximately-4260 nm. On the basis
of previous knowledge that the vertical and lateral gaps
between corneocytes present in the stratum corneum are
about 19 nn¥8it seems likely that the larger Baa-Lys(FITC)-
NLS aggregates based on conformational shape would have
limited capabilities of diffusing through the epidermal layers
via intercellular spaces. It is evident from the results of this

study, however, that the fullerene-based peptides do penetrate

through the epidermal layers via passive diffusion and that
flexing increases this penetration. Since external mechanical
stimuli are transmitted to individual cef$28it is possible

to speculate that the forces applied to the skin during flexing

cause changes in the morphology and architectural lipid

organization of the upper epidermal layers. A transient

increase in the size of the intercellular spaces during

mechanical stimulation could be responsible for the increase
in penetration seen in skin samples flexed for 60 and 90 min.

This study confirms that fullerene-based peptides can

penetrate intact skin and that mechanical stressors, such as

those associated with a repetitive flexing motion, increase
the rate at which these particles traverse into the dermis.
These results are important for identifying external factors

that increase the risks associated with nanoparticle exposure
during manufacturing or consumer processes. Future assess-

ments of nanoparticle safety should recognize and take into
account the effect that repetitive motion and mechanical
stressors have on nanoparticle interactions with the biological
environment. Additionally, these results could have profound

implications for the development of nanoparticle use in drug-

delivery, specifically in understanding mechanisms by which

nanoparticles penetrate intact skin.
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