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Abstract

Transdermal delivery of therapeutics is restricted by narrow limitations on size and 

hydrophobicity. Nanotopography has been shown to significantly enhance high molecular weight 

paracellular transport in vitro. Herein, we demonstrate for the first time that nanotopography 

applied to microneedles significantly enhances transdermal delivery of etanercept, a 150 kD 

therapeutic, in both rats and rabbits. We further show that this effect is mediated by remodeling of 

the tight junction proteins initiated via integrin binding to the nanotopography, followed by 

phosphorylation of myosin light chain (MLC) and activation of the actomyosin complex, which in 

turn increase paracellular permeability.
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Skin serves as the critical boundary between the external world and our viscera. The 

stringency of the epidermal barrier is reflected by the dearth of transdermally delivered 

drugs; currently only 17 drugs have been approved for this delivery route by the Food and 

Drug Administration (FDA), and all of these agents fall within a very narrow parameter 

space (<500 Da in size and highly lipophilic). The limitations of transdermal technology 

appear even starker with the increasingly frequent development of high molecular weight, 

antibody-based therapeutics, many of which have promising biologic effects but are 

hampered by limited delivery options.

Until recently, skin barrier function was thought to be mediated entirely by the outermost 

stratum corneum, a defined meshwork of anucleate keratinocytes, lipids, and proteins. 

However, recent studies have discovered the presence of the epidermal tight junction (TJ) 

and multiple TJ proteins, including occludin, zonula occludins-1 (ZO-1), and in particular 

claudins, which are critical for epidermal barrier function.1–8 TJ complexes function as the 

paracellular barrier in simple epithelial cell types such as gastrointestinal mucosal cells and 

offer an additional well-conserved mechanism through which the skin can regulate its 

permeability.9–11 While multiple technologies have attempted to increase the permeability 

of the stratum corneum, less emphasis has been placed on modulation of the skin TJ 

barrier.12–15 In a recent study, Kam et al. demonstrated that nanotopography loosens tight 

junctions in simple epithelia and dramatically increases transepithelial transport of 

etanercept, a high molecular weight therapeutic that is used clinically for rheumatoid 

arthritis (RA) and severe psoriasis and psoriatic arthritis.16 However, the extent to which 

nanotopography loosens tight junctions in more stratified squamous epithelium such as skin 

or in vivo is not known.

In this study, we explore nanotopography as a novel strategy to enhance transdermal drug 

delivery. In both rat and rabbit animal models, we demonstrate for the first time that the 

addition of nanotopography dramatically enhances transdermal delivery of etanercept 

through microneedle arrays (MNAs). To explore the molecular mechanisms underlying this 

phenomenon, we examined TJ protein expression in cultured human primary multilayered 

keratinocytes and found that levels of claudin-1 and claudin-4 are significantly and 

reversibly reduced with nanotopography. This phenomenon is conserved in intestinal 

epithelial Caco-2 cells and furthermore is dependent on upstream integrin binding and MLC 

Walsh et al. Page 2

Nano Lett. Author manuscript; available in PMC 2015 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phosphorylation. These findings demonstrate that nanotopographic surfaces provide a new 

approach to significantly expand the scope of drugs that can be administered transdermally, 

including agents with a size range that includes the emerging and expanding class of 

antibody-based therapeutics.

The effect of nanotopography on microneedle-based transdermal delivery of etanercept was 

assessed in vivo in both rabbits and rats. Transdermal devices consisting of two different 

permeability enhancing components were fabricated. The first component was a 25 mm by 

25 mm array of microneedles (Figure 1a). Each microneedle on this array was 290 μm in 

length and 100 μm wide, with a pitch of 400 μm; drug flowed out of each microneedle via 

longitudinal grooves along its sides. The second component was a polymeric film with 

nanostructures imprinted onto its surface (Figure 1a, inset). This film was draped over the 

microneedle array (MNA), effectively giving each needle a nanostructured coating. Depth of 

penetration of the MNAs was assessed in rats by soaking the skin samples in methylene blue 

following application of the MNA. The skin was then cryosectioned, and the depth of dye 

penetration was measured for each point in the array. The average depth of penetration in rat 

skin was 58 μm, placing the needles at the epidermal–dermal junction17 (Figure S1).

For drug delivery characterization, 12.5 mg of etanercept (0.25 mL at 50 mg/mL) was 

administered transdermally to rats, or 1.85 mg was administered to rabbits through one of 

three devices: the drug reservoir alone; an MNA array with no nanostructured coating 

(“smooth”); or an MNA array coated with nanostructured film (Figure 1b,c). The serum 

concentration of etanercept via each delivery route was then measured over 72 h. After 72 h 

in rats, the nanostructured MNA cumulatively delivered 10.6 times more etanercept (p < 

0.01) and achieved a maximal serum concentration (Cmax) 13.9 times higher (p < 0.01) than 

the unstructured, smooth microneedles. In rabbits, the nanostructured MNA devices 

cumulatively delivered 35 times more etanercept (p < 0.01) and achieved a Cmax 10.2 times 

higher than unstructured, smooth MNA controls (p < 0.01). Regarding the kinetics of drug 

delivery, the time to maximal serum concentration (Tmax) in rabbits was equivalent between 

nanostructured and smooth MNAs, while in rats the Tmax was shorter for the nanostructured 

MNAs (30 h) than with the smooth MNAs (42 h). Examination of the skin following 

application of the devices showed minimal erythema and inflammation after 72 h (Figure 

S2).

To explore the molecular mechanisms through which nanotopography increases epidermal 

permeability, we directly exposed primary human cultured keratinocytes to the 

nanostructured coating. This culture system forms stratified layers and tight junctions that 

recapitulate skin development in vivo.1 Keratinocytes were allowed to develop to day 8, at 

which point they develop only a minimal stratum corneum layer. We elected this time point 

in order to provide a differentiated cell system that still enables maximal contact of the 

nanostructured film to the epidermal TJs, which lie beneath the stratum corneum layer of 

skin. After 24 h of exposure to the nanotopography, keratinocytes showed marked 

downregulation of the TJ proteins claudins-1 and -4, compared to control keratinocytes that 

were either unexposed or placed in contact with unstructured, flat control film of the same 

material (p < 0.01) (Figure 2a,b).
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To assess whether this effect on claudins was reversible, we removed nanotopography for 24 

h after exposure and again assessed for claudin-1 and -4 protein expression. After removal 

of the device, claudin-1 and -4 levels were equivalent in keratinocytes alone, keratinocytes 

exposed to unstructured control films, and keratinocytes exposed to nanotopography, 

suggesting that alterations in TJ morphology by nanotopography are reversible (Figure 

2c,d).

To explore whether down regulation of claudins in keratinocytes is a robust and well-

conserved mechanism, we performed analogous experiments in Caco-2 epithelial cells 

cultured on transwell permeable supports. Cells were either untreated or placed in contact 

with either an unstructured control film or a nanostructured film. Similar to keratinocytes, 

staining for claudins-1 and -4 in Caco-2 cells showed reduced localization at cell–cell 

junctions when cells were in contact with the nanostructures, in comparison to either the 

cells alone or cells in contact with an unstructured film, with claudin-1 being reduced by the 

greatest extent (Figure 3a). In contrast to claudins-1 and -4, immunostaining of the TJ 

protein occludin was preserved. However, instead of the stereotypical cobblestone pattern 

demonstrated by the control cells, occludin staining demonstrated a ruffled pattern when 

cells were exposed to nanostructured films, a pattern that has previously been reported with 

disruption of other TJ proteins such as ZO-116 (Figure 3a).

To further explore the structural effect of nanotopography on TJs, we characterized TJ 

structure in Caco-2 cells by transmission electron microscopy (TEM) (Figure 3c). Cells in 

contact with no film showed canonical cellular junction morphology, consisting of an 

apically located electron-dense TJ and a subjacent adherens junction (AJ) and desmosome. 

Cells in contact with the unstructured, flat film showed partially decreased electron density 

in both the TJ and AJ, as well as blurring of the boundaries between these two types of 

junctions. In cells treated with nanostructured film, the electron density of both the TJ and 

AJ were completely abrogated, suggesting significant loss of proteins and cytoskeleton 

within these complexes in response to nanotopography. In addition, there is loss of 

intermediate filaments near the desmosome with nanotopography. These data collectively 

demonstrate that nanotopography induces dramatic remodeling and diminishment of 

epithelial TJs, as well as other cell–cell adhesions.

To explain the structural changes in TJs discussed above, we hypothesized that epithelial 

cell interaction with nanotopography mediates changes in the actin cytoskeleton underlying 

TJs. It is well established that cells can bind to nanotopography,18–20 typically by 

recognizing conserved binding sequences in proteins absorbed onto the biomaterial.21 This 

protein recognition is most often mediated by integrins, transmembrane cell surface 

receptors that serve as a link between the ECM and the actin cytoskeleton.22 Integrin 

binding triggers a phosphorylation cascade that recruits and assembles a focal adhesion 

complex and culminates in phosphorylation and activation of myosin.23 Activation of 

myosin, in turn, alters the actin cytoskeleton, which can lead to increased paracellular 

permeability.24,25

Immunofluorescence was used to investigate the effects of nanotopography on focal 

adhesion complexes and myosin activation within cells. Cells in contact with the 
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nanostructures showed increased punctate staining of phosphorylated focal adhesion kinase 

(pFAK), which is phosphorylated upon integrin-ligand binding and subsequently recruits 

other components of the adhesion complex26 (Figure 4a). Consistent with this increase in 

pFAK, clustering of vinculin, another downstream component of the focal adhesion 

complex, was also increased in response to nanotopography (Figure 4b). To assess whether 

these increases in focal adhesion proteins were associated with myosin activation, 

immunostaining for phosphorylated myosin light chain was performed. As with pFAK and 

vinculin, pMLC clustering was increased exclusively in cells exposed to the nanostructured 

films (Figure 4c). These data collectively demonstrate that integrin-binding to 

nanotopography induces formation of focal adhesion complexes and activation of 

actomyosin contractility.

To investigate whether integrin engagement with the film and subsequent focal adhesion 

complex formation is suficient for drug transport facilitated by nanotopography, we first 

treated cells with RGD peptide, which is the recognition sequence for some integrins and 

can artificially induce integrin clustering.27 RGD treatment of the cells was found to fully 

mimic the drug-enhancing effects of nanotopography and nullified the previously observed 

differences in drug delivery between unstructured and nanostructured films (Figure 5a).

To explore whether integrins were necessary for nanotopography-induced TJ remodeling, 

we used antibody blockade to prevent integrin binding and downstream clustering of focal 

adhesions. Specifically, integrins alpha V and beta 1 were Specifically inhibited because 

these integrins are common to the majority of RGD sequence binding integrin pairs.28 As 

expected, nanotopography significantly enhanced drug delivery in the absence of integrin 

blockade. With integrin blockade, however, this finding was completely abrogated, with no 

difference in drug transport between the nanostructured film and the unstructured films 

(Figure 5b). Therefore, integrin binding appears to be both suficient and necessary for 

nanotopography-mediated enhancement of drug delivery.

To assess whether downstream myosin phosphorylation and activation is also necessary for 

nanotopography-induced changes, cells were treated with permeant inhibitor of myosin light 

chain kinase (PIK). As with inhibition of integrin clustering, inhibition of myosin 

phosphorylation abolished the enhancement of drug delivery by nanotopography (Figure 

5c). To investigate whether myosin phosphorylation was also required for nanotopography-

induced changes in TJ structure, cells were treated with PIK, and TJ morphology was 

assessed by immunostaining for ZO-1. Treatment with PIK abolished the previously 

observed ruffling pattern of ZO-1 when cells were placed in contact with the nanostructured 

film (Figure 5d). Together, the above functional studies demonstrate that both integrin and 

myosin activation are requisite for nanotopography-mediated remodeling of the epithelial TJ 

and increase in epithelial permeability.

Materials with controlled nanotopography have recently been explored in the drug delivery 

field. Other groups have shown that nanotopography can increase drug delivery via 

endocytosis.29,30 We have shown previously that a purely topographical cue can 

significantly increase the transport of high molecular weight molecules across a simple 

epithelial monolayer by paracellular transport.16 In this study, we show for the first time that 
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nanotopography significantly enhances transdermal delivery of a high molecular weight 

therapeutic in vivo. To better understand these phenomena, we have identified a molecular 

mechanism in which nanotopography binds to cell surface integrins, induces clustering of 

focal adhesion proteins and actomyosin activation, and ultimately remodels components of 

the tight junction barrier to increase paracellular permeability (Figure 6).

What specific characteristics of the nanotopography are driving these effects? Although all 

of the nanostructured films we tested in this study effectively remodeled tight junctions, we 

found material-dependent differences between PEEK and polypropylene in human 

multilayered keratinocytes, with PEEK inducing more downregulation of claudins-1 and -4. 

As flat controls for both materials did not induce any changes in tight junctions, this material 

difference is unlikely to be due to chemical effects on the keratinocytes. Rather, the 

discrepancy is more likely attributable to differences in pliability and stiffness of the 

material, leading to differences in tension experienced within the cells. Other variables that 

could potentially have effects on drug delivery and be variably tuned include the aspect ratio 

of the fibers, the pitch between different fibers, and the surface area of the 

nanostructures.31–36 It will be interesting in future studies to systematically define these 

parameter windows to maximize the biological effect of nanotopography. In addition to 

varying the parameters of the devices themselves, it would be valuable to explore lower 

molecular weight therapeutics as well, in order to delineate the relationship between 

molecular weight, topography, and delivery rate.

Although we demonstrated that focal adhesion clustering and myosin activation are 

necessary for nanotopography-mediated drug delivery, it would be valuable to explore other 

mechanisms that may be acting in parallel with this. In particular, cells that are not in direct 

contact with the nanotopography also demonstrate dramatic reductions in tight junction 

proteins, suggesting that there is paracellular signaling from upper cells of the stratum 

granulosum downward to the lower skin layers. This indirect effect on cells that are not in 

contact with the microneedles is further suggested by our in vivo rabbit data in which 

microneedles likely do not penetrate to the lower epidermis yet still deliver etanercept as 

effectively as in rats. Interestingly, preliminary mRNA expression data from our laboratory 

identify a cellular adhesion/polarity pathway that is downregulated in response to 

nanotopography. Key signaling molecules in the establishment of cell polarity, such as 

Tiam1, Rac1, and aPKC, are all suppressed in Caco-2 cells after exposure to 

nanotopography. Such loss of polarity could provide another mechanism through which 

nanotopography alters epithelial permeability. For example, nanotopography may be 

promoting dedifferentiation or trans-differentiation of epithelial cells, similar to what occurs 

in epithelial to mesenchymal transition (EMT).37,38

Regarding clinical usage, the impact of transdermally delivered biologic therapeutics such as 

etanercept on rheumatoid arthritis and psoriasis would be significant. Currently, medications 

within this family are administrated subcutaneously, intramuscularly, or intravenously, all of 

which are inconvenient and painful for the patient. Exchanging this current standard of care 

with a longer lasting transdermal device would likely improve patient compliance, as well as 

offer more biologically effective dosing with fewer peaks and troughs and less hepatic 

metabolism. Transdermal delivery also opens up the possibility of using biologics for 
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localized, as opposed to systemic, therapy. For example, local topical agents for psoriasis are 

currently limited in scope, comprising primarily corticosteroids and vitamin D analogues. 

Being able to deliver small doses of the appropriate biologic locally to the skin would 

expand upon this repertoire significantly.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Nanotopography significantly enhances transdermal delivery of etanercept in vivo. (a) 

Schematic representation of the transdermal delivery devices used in this study. Progressing 

from top to bottom: each device is made of an impermeable backing (tan), drug reservoir 

(green), rate-controlling membrane (yellow), and silicon microneedle array (MNA) (gray). 

Each 290 μm long, 100 μm wide microneedle has longitudinal perforations along the side, 

through which drug flows out. Drug flow from the reservoir down the grooves of the 

microneedles is indicated by a green dashed arrow. Perforations are denoted with a white 

arrowhead. “Smooth” microneedles were not coated with a film, while “nanostructured” 

microneedles were coated with a nanostructured film (scale bar represents 300 μm). Inset on 

furthest right depicts an SEM image of the nanostructures coated onto each microneedle 

(scale bar = 3 μm). (b) Nanostructured MNAs deliver significantly more etanercept 

transdermally than either drug reservoir patch alone or unstructured, smooth MNA controls 

in rats. After 72 h, the nanostructured MNA cumulatively delivered 10.6 times more 

etanercept (*p < 0.01) and achieved a maximal serum concentration (Cmax) 13.9 times 

higher (*p < 0.01) than the smooth microneedles (n = 4 animals for each category). (c) 

Nanostructured MNAs deliver significantly more etanercept transdermally than 

unstructured, smooth MNA controls in rabbits. After 72 h, the nanostructured MNA devices 

cumulatively delivered 35 times more etanercept (*p < 0.01) and achieved a Cmax 10.2 times 

higher than smooth MNA controls (*p < 0.01) (n = 4 animals for each category).
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Figure 2. 
Nanotopography leads to reversible downregulation of claudin-1 and -4 expression in 

cultured human keratinocytes. (a,b) Day 8 primary human keratinocytes showed marked 

diminishment in claudin-1 and -4 expression after 24 h incubation with nanotopography, 

compared to controls that were exposed to no device or to unstructured, flat films. Claudin-1 

was decreased by 58% with polyether ether ketone (PEEK)-based nanostructured films (NS 

PEEK) and by 36% with polypropylene-based nanostructured films (NS PP), relative to no 

device controls (**p < 0.01). Claudin-4 was decreased by 49% with PEEK nanostructured 

films and by 39% with polypropylene nanostructured films, relative to no device controls 

(**p < 0.01). Exposure to unstructured, flat films (Flat PP) had no effect on claudin-1 or -4 

expression relative to no device controls (scale bar = 10 μm). Fluorescence intensity was 

normalized by area. (c,d) Twenty four hours following removal of nanotopography, the 

decrease in claudin-1 and -4 expression was reversed, and there was no statistically 

significant difference between nanotopography-treated keratinocytes (NS PP and NS PEEK) 

versus no device or unstructured, flat controls (scale bar = 10 μm).
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Figure 3. 
Nanotopography-induced disruption of TJ structure is conserved among different epithelia. 

(a,b) In Caco-2 cells, nanostructured films (NS) induce decreased expression of claudin-1 

and -4 at cell borders, relative to controls exposed to no film or to unstructured, flat film 

(Flat). Claudin-1 was decreased 50% compared to no film control and 73% compared to the 

flat film control (**p < 0.01). Claudin-4 was decreased 76% and 66% compared with the no 

film or flat film controls, respectively (**p < 0.01). Occludin immunostaining reveals a 

ruffled pattern when Caco-2 cells are in contact with the nanostructured film, in contrast to 

the stereotypical cobblestone pattern in control cells exposed to no film or unstructured, flat 

film (scale bar = 20 μm). Occludin ruffling, as measured by cell perimeter, was increased 

with nanotopography by 87% over cells alone and 118% over flat (**p < 0.01). 

Fluorescence intensity was normalized by number of cells. (c) TEM imaging of the tight 

junction (TJ) (solid black arrow), adherens junction (AJ) (dashed black arrow), and 

desmosome (solid white arrow). Cells exposed to unstructured, flat films (Flat) show a 

partial loss of electron density in the TJ and AJ, relative to no film controls. Cells exposed to 

nanostructured films (NS) show near complete loss of electron density in the TJ and AJ, as 

well as partial loss in the underlying desmosome, relative to no film controls (scale bar = 

200 nm).
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Figure 4. 
Nanotopography leads to clustering of focal adhesion proteins and activation of myosin light 

chain. (a–c) In Caco-2 cells, exposure to the nanostructured film (NS) leads to increased 

staining of pFAK, vinculin, and pMLC, relative to controls cells exposed to either no film or 

to flat, unstructured film (Flat) (scale bar = 20 μm). Nuclear staining is highlighted by DAPI 

in blue, while protein immunostaining is highlighted in green. (d–f) pFAK was increased by 

112% and 43% compared with the no film or flat film controls, respectively (**p < 0.01). 

Vinculin was increased by 117% and 91% compared with the no film or flat film controls, 

respectively (**p < 0.01). pFAK was increased by 263% and 161% compared with the no 

film or flat film controls, respectively (**p < 0.01).
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Figure 5. 
Nanotopography-mediated drug delivery and down-regulation of TJs requires integrin 

activation and phosphorylation of myosin light chain. (a) The integrin-binding RGDS 

peptide is suficient to recapitulate the effect of nanotopography on Caco-2 permeability. As 

expected, cells exposed to nanostructured films without RGDS (open diamond) showed 

decreased transepithelial electrical resistance (TEER) relative to controls exposed to flat, 

unstructured film without RGDS (solid square). The addition of RGDS led to diminishment 

of TEER in both nanostructured and flat film groups, abrogating the previous difference 

observed in the absence of RGDS (n = 4). (b) Integrin function is necessary for 

nanotopography-mediated drug transport. In the absence of integrin blockade, 

nanostructured films (NS) significantly increase transport of FITC-BSA (left panel) (*p < 

0.05). In the presence of integrin blockade, this nanotopography-induced increase in BSA 

transport is abolished, and there are no differences between the nanotopography and 

unstructured, flat film groups (n = 4). (c) Myosin light chain kinase (MLCK) function is 

necessary for nanotopography-mediated drug transport. In the absence of MLCK blockade, 

nanostructured films (NS) significantly increase transport of FITC-BSA (left panel) (*p < 

0.05). In the presence of MLCK blockade, this nanotopography-induced increase in BSA 

transport is abolished, and there are no differences between the nanotopography and 

unstructured, flat film groups (n = 4). (d) Myosin light chain kinase (MLCK) function is 

necessary for nanotopography-mediated changes in TJ structure. ZO-1 immunostaining 

adopts a ruffled pattern in Caco2 cells exposed to nanostructured films (NS), indicating a 

disruption of the TJ complex. After addition of MLCK inhibitor, this ruffling is abolished, 

and cells exposed to nanotopography resume the canonical ZO-1 pattern shown in control 

cells exposed to either no film or flat, unstructured films.
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Figure 6. 
Nanotopography downregulates epidermal tight junctions via integrin activation and myosin 

light chain phosphorylation. Proposed mechanism for nanotopography-mediated 

enhancement of transdermal drug delivery: Integrins bind to adsorbed proteins on the 

nanotopography and induce downstream clustering of focal adhesion proteins such as pFAK 

and vinculin. Formation of focal adhesions, in turn, leads to phosphorylation of myosin light 

chain and increased myosin contraction of the actin cytoskeleton. Actin dynamics ultimately 

remodel and downregulate proteins at the epidermal tight junction, thereby allowing 

increased paracellular transport within the epidermis. By contrast, we propose that the lack 

of topography on the flat surfaces fails to induce integrin clustering and the downstream 

initiation of focal adhesions and actomyosin activation (right lower image).
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