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Received 23 May 2003; revised 26 November 2003; accepted 26 November 2003 Published online 12 February 2004 in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/jbm.a.20138 Abstract: It is thought that by understanding how cells respond to topography, that better tissue engineering may be achievable. An important consideration in the cellular environment is topography. The effects of microtopography have been well documented, but the effects of nanotopography are less well known. Previously, methods of nanofabrication have been costly and time-consuming, but research by engineers, physicists, and chemists is starting to allow the production of nanostructures using low-cost techniques. In this report, nanotopography is speciﬁcally considered. Con-



trolled patterns of 160 nm high nanocolumns were produced for in vitro cell culture using colloidal lithography. By studying cell adhesion with time and cytoskeletal (actin, tubulin, and vimentin) maturity, insight has been gained as to how ﬁbroblasts adhere to these nanofeatures. © 2004 Wiley Periodicals, Inc. J Biomed Mater Res 69A: 314 –322, 2004



INTRODUCTION



cell adhesion, contact guidance, cytoskeletal organization, apoptosis, macrophage activation, and gene expression.5– 8 Evidence is now, however, gathering quickly on the importance of nanoscale dimensions in the design of next-generation tissue engineering materials. Initial ﬁndings have shown that nanotopography can alter both protein9,10 and cell behaviors essential for tissue development; these responses include adhesion, morphology, cytoskeleton, and patterns of gene expression.11–15 Such morphological changes include the enriching of arcuate morphologies in endothelial cell populations,13 to producing highly stellate ﬁbroblasts, almost amoeboid in shape,15 in response to nanoislands. The changes, however, may be more subtle, such as increased or decreased spreading while retaining the same general morphology.15 Also on nanoislands, notable shifts in ﬁbroblast gene regulation have been noted using microarray, with changes in the areas of cell proliferation, signal transduction, cytoskeleton, and extracellular matrix production.14 Thus, by collaborating with physicists, engineers, and chemists who are developing nanostructures, biologists may be able to design “smart materials” that will deliver desirable cues to cells through shape. This research has, until now, been restricted due to the high cost of producing controlled nanotopography



Tissue engineering aims to augment, replace, or restore complex human tissue function by combining synthetic and living components in correct environmental conditions.1 It is likely that by focusing upon understanding the complex environment that cells live within, better tissue engineering may be achievable. The cells natural environment consists of complex chemical and topographical cues, and will certainly differ from the two-dimensional, uncharacterized, surfaces used normally for in vitro culture.2 Cells may encounter different sizes of topography, from macro, such as bone or ligament shape, to micro, such as the shapes of other cells, to nano, such as with protein folding and collagen banding (64 nm repeat pattern).2,3 It has been known since 1911 that cells will react to shape,4 and the effects of microtopography are becoming well documented, and include changes in Correspondence to: M.J. Dalby; e-mail: [email protected]. ac.uk Contract grant sponsor: the EU framework V grant; contract grant number: QLK3-CT-2000-01500 (Nanomed) © 2004 Wiley Periodicals, Inc.
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using methods developed in the microchip, electronics sector, such as electron beam lithography. New research is, however, starting to make controlled nanotopography available in the quantities required for cell research. Here, a relatively fast and cheap way of producing nanotopography, colloidal lithography, was used. For this technique, nanocolloids are spaced over a polymer surface, and then used as an etch mask. As the colloids are removed by etching, so are areas of the surrounding polymer. The result is a surface of tightly packed arrays of nanocolumns.10,16 The ability of a cell to adhere and then proliferate on a material surface is important in the formation of new tissue. Essential to the cells ability to adhere is focal adhesion formation and subsequent F-actin polymerization. Integrin proteins located within the adhesions, and actin cytoskeleton linked to integrins, are involved in signal transductive pathways (as reviewed by Burridge and Chrzanowska-Wodnick, 199617). The signal transductive events locating from focal contacts can effect the long-term cell differentiation.18,19 Tubulin and vimentin cytoskeleton development is also of great importance in cell growth and tissue remodeling. These proteins have roles in vesicle and organelle movement (i.e., cell metabolism), mechanotransductive events and tubulin plays the critical role of spindle formation during mitosis.20 This study examines the initial interaction of ﬁbroblasts with nanocolumns (160 –170 nm high) etched in polymethylmethacrylate (PMMA). Cell counting was used to calculate numbers of adhered and numbers of spread cells, ﬂuorescence microscopy was used to observe vinculin within focal contacts, actin, vimentin, and tubulin cytoskeleton formation and transmission electron microscopy were used to follow cell growth.
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and aluminium chloride hydroxide (ACH, Reheis)]. Subsequent assembly of a colloidal mask (sulphate modiﬁed polystyrene colloid 107 ⫾ 5 nm IDC USA) from aqueous solution followed by drying resulted in a dispersed colloidal monolayer which has short range order, but no long range order. The pattern of the colloidal mask was transferred into the bulk polymer using a combination of vertical and angled argon ion bombardment (250 eV 0.2 mA/cm2 600 s at 15 degrees from vertical followed by 840 s from vertical CAIBE Ion Beam System, Oxford Ionfab), etching was continued until the particles were completely removed resulting in cylindrical pillars. Figure 1 shows an AFM height image of the resultant structures (tapping mode DI dimensions 3000 sharpened Silicon oxide tip NT-MDT). The height and diameter of the produced cylindrical columns are 160 and 100nm, respectively, with a surface density of approximately 16 m⫺1. The distribution has a short range order and a characteristic center to center spacing (⬃230 nm) but no long-range order (for more details see ref. 16). The surface of the polymer is crosslinked by the argon ion etching process, resulting in both crosslinking and removal of oxygen rich species from the surface resulting in an altered surface chemistry compared to untreated PMMA with less surface oxygen atoms (new reference) The argon ions penetrate only relatively short distances into the polymer and modifying only a thin outer layer (5–7 nm). Flat control substrates with matched surface chemistry (characterized by XPS, data not shown here) were fabricated by subjecting ﬂat PMMA substrates with no assembled particles to argon ion bombardment. The resultant surfaces had roughness levels around 3–5 nm (measured over 1 micron). Samples for cell culture were snapped along the precut lines into 8 ⫻ 8-mm squares and blown with nitrogen to remove any particulate contamination and presterilzed in 70% ethanol. Fabrication and precleaning was carried out in a class 1000 clean room before packaging in air-tight boxes for transfer. Finally samples were sterilized in 70% ethanol prior to use.



Cell culture MATERIALS AND METHODS Materials The starting substrates for fabrication of all samples was bulk PMMA. The PMMA substrates were precut into 8 ⫻ 8-mm squares using a diamond saw (Loadpoint). The 1-mmthick substrates were precut to a depth of 600 microns from the backside. Colloidal lithography was used to modify the surface of the polymer producing nanostructured features. This approach is described in detail elsewhere,10,16,21 but in brief utilizes electrostatically assembled dispersed monolayers of colloidal particles as masks for pattern transfer into substrate materials. In this work the substrate materials were pretreated with a light oxygen plasma (0.25 Torr 50 w RF 120 s Batchtop) followed by electrostatic self assembly of a multilayer of polyelectrolytes [poly(diallyldimethylammonium chloride) (PDDA, MW 200,000 –350,000, Aldrich), poly(sodium 4-styrenesulfonate) (PSS, MW 70,000, Aldrich),



Inﬁnity™ telomerase immortalized human ﬁbroblasts (hTERT-BJ1, Clonetech Laboratories, Inc., USA) were seeded onto the test materials at a density of 1 ⫻ 104 cells per sample in 1 mL of complete medium. These cells were selected as they are genetically stable and show closer phenotypical reactions to primary cells than transformed cells, but do not undergo senescence like primary cells. The medium used was 71% Dulbeccos Modiﬁed Eagles Medium (DMEM) (Sigma, UK), 17.5% Medium 199 (Sigma, UK), 9% fetal calf serum (FCS) (Life Technologies, UK), 1.6% 200 mM L-glutamine (Life Technologies, UK), and 0.9% 100 mM sodium pyruvate (Life Technologies, UK). The cells were incubated at 37°C with a 5% CO2 atmosphere, and the medium was changed regularly.



Observation and quantification of adhesion After 15, 90, and 180 min of culture, cells were ﬁxed in 4% formaldehyde/PBS (pH 7.4) for 15 min at 37°C.
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Figure 1. Atomic force height image showing the the cylindrical structure of the nanocolumns The column width is around 100 nm and height around 160 nm. Section analysis is also shown.



1. Half of the samples were then stained for 2 min in 0.5% Coomassie blue in a methanol/acetic acid aqueous solution, and washed with water to remove excess dye. Samples could then be observed by light microscopy and cells were counted within a 1-cm2 eyepiece graticule. Both total number of cells, and numbers of spreading cells (cells with clearly deﬁned lamellae) were counted within each ﬁeld (ﬁve ﬁelds on three replicates were counted). A multiple comparison statistics test, the Tukey-Kramer honestly signiﬁcant difference, was used for statistical analysis (at p ⬍ 0.05). 2. The other half of the samples were permeablized in 0.5% Triton X/PBS at 4°C for 5 min, and then incubated with rhodamine conjugated phalloidin at 37°C for 1 h. The samples were then washed (3 ⫻ 5 min) in 0.5% Tween 20/PBS and viewed by Vickers M17 ﬂuorescent microscope.



a permeabilizing buffer (10.3 g sucrose, 0.292 g NaCl, 0.06 g MgCl2, 0.476 g HEPES buffer, 0.5 mL Triton X, in 100 mL water, pH 7.2) added at 4°C for 5 min. The samples were then incubated at 37°C for 5 min in 1% BSA/PBS, followed by the addition of either an antivinculin, antivimentin, or anti-␤ tubulin primary antibody (1:100 in 1% BSA/PBS, h-vin1 (vinculin), V9 (vimentin), or tub 2.1 (tubulin) monoclonal antihuman raised in mouse (IgG1), Sigma, Poole, UK) for 1 h (37°C). Simultaneously, rhodamine conjugated phalloidin was added for the duration of this incubation (1:100 in 1% BSA/PBS, Molecular Probes, OR). The samples were next washed in 0.5% Tween 20/PBS (5 min ⫻ 3). A secondary, biotin conjugated antibody [1:50 in 1% BSA/PBS, monoclonal horse antimouse (IgG), Vector Laboratories, Peterborough, UK] was added for 1 h (37°C) followed by washing. A FITC conjugated streptavidin third layer was added (1:50 in 1% BSA/PBS, Vector Laboratories, Peterborough, UK) at 4°C for 30 min, and given a ﬁnal wash. Samples were then viewed by ﬂuorescence microscope (Zeiss Axiovert 200M).



Immunofluorescence and cytoskeletal observation Transmission electron microscopy After 4 days of culture, the cells on the test materials were ﬁxed in 4% formaldehyde/PBS, with 1% sucrose at 37°C for 15 min. When ﬁxed, the samples were washed with PBS, and



After 4 weeks of culture, the cells were ﬁxed with 1.5% gluteraldehyde (Agar, UK) buffered with 0.1 M sodium
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Figure 2. Graph showing numbers of adhered cells with time. At 5 min few cells were adhered on either material. By 90 min, there were signiﬁcantly more cells adhered to the planar control compared to the nanocolumns. At 180 min, there was no difference observed between cell numbers on the control and nanocolumns. n ⫽ 3, 5 ﬁelds considered on each replicate. * ⫽ ANOVA, p ⬍ 0.05.



cacodylate (Adar, UK) for 1 h. Cells were postﬁxed with 1% osmium tetroxide, dehydrated in a series of alcohols (70, 90, 96, and 100%; sodium sulfate dried). Once dehydrated the samples were embedded in Spurr’s resin (TAAB, UK) and polymerized at 70°C for 18 h. Ultrathin sections were cut, stained with uranyl acetate (2% aq.) and lead citrate, and viewed with a Zeiss TEM.



RESULTS Quantiﬁcation of ﬁbroblast adhesion showed that after a rapid increase in adhesion from 5 to 90 min, adhesion did not increase much from 90 to 180 min (in fact, it decreased on the nanocolumns possibly due to random sampling). At the 90-min time point, many more cells had adhered to the control compared to nanocolumns, but there was no signiﬁcant difference by 180 min (Fig. 2). Differences at both time points were, however, noted when considering numbers of spreading cells. By 90 min, large numbers of cells had clear lamellae, and by 180 min almost all the cells were spreading. Signiﬁcantly more cells had produced lamellae on the ﬂat control than on the nanocolumns at both time points (Fig. 3). When considering the actin cytoskeleton during adhesion, it was seen that by 5 min, cells on both samples were mostly rounded, and some had started to produce rufﬂes (lamellapodia) (Fig. 4). By 90 min, the cells were again seen to be spreading on both samples, with clear lamellae visible, and by 180 min almost all the cells were seen to be in the process of spreading ﬂat (Fig. 4). Clear differences were, however, observed in the formation of stress ﬁbers within the cells. At 90
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min, stress ﬁbers were notably more apparent throughout cells on the ﬂat controls compared to those on the nanocolumns, whereas the cells on the nanocolumns still appeared to have visible lamellapodia (Fig. 4). This was also true at the 180-min time point (Fig. 4). At day 4 of culture, vinculin within focal adhesions, actin, vimentin, and tubulin cytoskeletons were examined (Fig. 5). Large differences were noted when comparing focal contacts on the control and test materials. On the control large adhesions were easily seen [Fig. 5(a)], whereas on the nanocolumns, smaller and lessvisible adhesions were noted [Fig. 5(b)]. In fact, to observe the adhesions, contrast enhancement and increased magniﬁcation (using Adobe威 Photoshop威) had to be used [Fig. 5(b), inset]. With actin at 4 days, the trend of more mature stress ﬁbers being visible within the cells on the ﬂat controls had become more obvious. On the controls, the cells were well spread and many stress ﬁbers were observed [Fig. 5(c)], on the nanocolumns, however, the cells appeared less spread, and had a far less organized actin cytoskeleton [Fig. 5(d)]. The ﬁbroblasts on the nanocolumns did, however, have many ﬁlopodia [Fig. 5(d), inset]. A similar trend was observed for vimentin intermediate ﬁlament cytoskeleton. Cells on the planar substrates had a clearly deﬁned, spiralling, intermediate ﬁlament network [Fig. 5(e)]. Fibroblasts on the nanocolumns had a more diffuse cytoskeleton [Fig. 5(f)] that appeared to lack the radiating ﬁlaments at the cell peripheries observed on the ﬂat controls [Fig. 5(e), inset]. The microtubules on both the control and nanocolumns were seen to form a radiating network from the tubulin organizing center adjacent to the nucleus, out to the cell periphery. On the controls, the ﬁlaments



Figure 3. Graph showing numbers of spread cells (those with clear lamellae) with time. At 5 min no spread cells could be seen on either material. The numbers of spread cells increased from 5 to 90 min and then from 90 to 180 min. At both time points, there were signiﬁcantly more spread cells on the ﬂat control compared to the nanocolumns. n ⫽ 3, 5 ﬁelds considered on each replicate. * ⫽ ANOVA, p ⬍ 0.05.
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Figure 4. Actin localization in adhering cells with time. At 5 min of culture, the cells could be seen to be starting to produce lamellapodia, but were still rounded on both the control and the nanocolumns. By 90 min, the cells could be seen to much more spread on both the ﬂats and the nanocolumns. It is noted, however, that the cells on the controls had more stress ﬁbers (arrowhead), whereas the cells on the nanocolumns had more lamellaepodia (L). At the 180-min time point, cells on the controls had many more stress ﬁbers and appeared more spread than ﬁbroblasts on the nanocolumns. Bar ⫽ 50 m.



appeared to be well formed [Fig. 5(g)], but on the nanocolumns, the microtubules were very distinct and clear in their appearance [Fig. 5(h)]. By looking closer, however, it seems that there may just be more microtubules in the control cells, resulting in a more dense appearance [Fig. 5(g) and (h), insets]. TEM, after 5 days, showed that the cells on the nanocolumns were in monolayer across the thickness of the sections [Fig. 6(c)]. The images also showed that the cells were growing exclusively on top of the columns [Fig. 6(c), inset]. On the ﬂat controls, however, the cells could be seen to be forming multilayers, up to three cells deep in places [Fig. 6(a)]. Cells could also be seen with the appearance of rounding before proliferation on top of these layers, suggesting that the cells were still proliferative [Fig. 6(b)].



DISCUSSION For ﬁbroblasts, spreading is a prerequisite for cell division, and those that cannot adhere and spread



apoptose via anoikis.22,23 Thus, the results for cell adhesion are of great signiﬁcance when considering the design of cell nanoenvironments. The results presented in this study show cell adhesion to be effected, but show that the nanocolumns have stronger effects on cell spreading. When a material is implanted, or covered with cell culture media containing serum, its surface chemistry will determine protein adsorption. This adsorption will determine how cells perceive the materials.24,25 As a cell adheres, it forms close contacts with the proteins adsorbed on the material surface. Within these contacts integrin transmembrane proteins recognize peptide adhesion motifs within the proteins, such as RGD (argenine, glycine, aspartic acid) in ﬁbronectin. The binding of integrins is the start point of small G-protein (such as Rho producing the activated conformation of myosin light chain kinase, leading to actin contraction) and kinase [such as focal adhesion kinase (FAK)] based signalling events.17,19,26,27 Thus, if the material recruits proteins that integrins recognize,
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Figure 5. Vinculin and cytoskeletal immunoﬂuorescence at 4 days of culture. (a) On the control samples, focal adhesions were clearly seen. (b) Focal adhesions on the nanocolumns, however, were very faint and a smaller morphology (contrast enhanced image inset). (c) Actin cytoskeleton on the controls was seen to be well organized, with many stress ﬁbers throughout well-spread cells. (d) On the nanocolumns, however, the actin microﬁlaments were less clearly organized, and mainly cortical, many ﬁlopodia were observed (inset). (e) Vimentin cytoskeleton was, again, seen to be well organized on the controls, and had many radiating ﬁlaments going to the cell periphery (inset). (f) Vimentin was less distinct within cells on the nanocolumns. (g) Tubulin was seen to be well-organized in ﬁbroblasts cultured on the ﬂat control, with many interweaving microtubules being observed (inset). (h) Whise the tubulin cytoskeleton was, again, well-organized for cells on the nanocolumns, the ﬁbers did, however, appear to be less dense (h and inset).



these signalling events are initiated, and one of the ﬁrst effects is actin contraction, which results in integrin gathering and the formation of mature focal contacts, recruiting proteins such as vinculin.17 These focal contacts then continue to act as signalling centers, effecting cell proliferation and differentiation through G-protein and tryrosine kinase mediated cascades.28,29



As the integrins are gathered, this in turn gathers the extracellular matrix proteins resulting in matrix organization.30 If, however, there is insufﬁcient matrix for the integrins to gather, they will detach and the cell will not adhere. The results for vinculin showed that the ﬁbroblasts form large focal contacts in response to the control.



320



DALBY ET AL.



Figure 6. Transmission electron microscopy after 5 days of culture. (a) TEM showed that by 5 days, the cells on the controls had started to form multilayers, up to three cells deep in places (a, b ,c, and d represent individual cells, M indicates a mitochondrion). (b) Cells cultured on the control growing in multilayer with another cell on top appearing to round-up, possibly before division (a ⫽ rounded cell, b and c are ﬂat cells, N ⫽ nucleus, F ⫽ ﬁlopodia). (c)TEM of cells on the nanocolumns showed that the cells grew exclusively on top of the colloids (inset), but at this point were still only growing in monolayer, with no double layers observed at this time.



This was not, however, the case on the nanocolumns. As opposed to the large contacts observed in cells on the planar material, smaller contacts were noted in cells on the nanocolumns. Bershadsky et al. (1985)31 have previously commented on the difference between small “dot” and large “dash” adhesions, commenting that dot adhesions are transient structures that may mature into dash adhesions.31 This implies that on the nanocolumns, mostly immature adhesions were observed. TEM showed the cells to grow on top of the nanocolumns; this reduces the quantity of protein available for the cells to gather as the adhesions mature. In addition these adhesive regions are isolated. Thus, it may be postulated that the nanocolumns are preventing complete gathering of integrins. Actin results were certainly concurrent with this hypothesis. As the cells adhered stress ﬁbers, used to gather the integrins, were more apparent in cells on



the ﬂat substrate. By day 4, the differences in actin cytoskeleton were very apparent, with cells on the ﬂat substrates containing many stress ﬁbers, and cells on the nanocolumns containing predominantly cortical actin and only one or two stress ﬁbers. Also, many ﬁlopodia were produced by ﬁbroblasts grown on the nanocolumns. This is typical of cells cultured on both chemical and topographical islands,15,32 and suggests that the cells are trying to sense suitable places to adhere. Intermediate ﬁlaments, such as vimentin, have been implicated in mechanotransductive events. The vimentin ﬁbers, while cushioning the nucleus from sudden stress, also act to transmit forces to the nucleus when under load and this is thought to induce signalling events and changes in gene regulation.33–35 The results for vimentin showed that the intermediate ﬁlaments were better formed, with ﬁne interweaving ﬁlaments radiating to the cell periphery in ﬁbroblasts
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on the control; compared to cells on the nanocolumns where the ﬁlaments had a hazy appearance. It has previously been suggested that topography alters cell morphology, and within this study it has been seen that cytoskeletal architecture and cell spreading is affected by the nanocolumns. It has been further suggested that these morphological changes affect mechanotransductive events, possibly via the vimentin cytoskeleton.8 Certainly, the intermediate ﬁlaments have a different appearance in cells on the control and test materials, but it is only speculative, at present, to suggest that they may be altering cell response. Microtubules were seen to be well organized in cells on both the controls and nanocolumns. There appeared, however, to be many more microtubules in cells cultured on the controls. As microtubules are largely involved in vesicle transport, and thus protein movement, the reduction in microtubule number suggests that the nanocolumns are resulting in reduced cell activity. Thus, by taking all the adhesion and cytoskeletal results into account, a reduced cell turnover on the nanocolumns would be expected. This is supported by the TEM images depicting a more proliferative cell population resulting in increased cell multilayering supported by the ﬂat controls.
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CONCLUSION By culturing the cells within a deﬁned nanoenvironment, we have shown a decrease in cytoskeletal organization and subsequent growth. It is hypothesized that this originates from reduced formation of focal adhesions. We would also like to thank Prof. Chris. Wilkinson for his discussion, Mr. Andrew Hart, Mrs. Allison Beattie, and Mr. Gregor Aitchison for their technical assistance.
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