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Abstract

Control of the cells’ nanoenvironment is likely to be important in the future of cell and tissue engineering. Microtopography has been

shown to provide cues to cells that elicit a large range of cell responses, including control of adhesion, morphology, apoptosis and gene

regulations. Now, researchers are focusing on nanotopography as techniques such as colloidal and electron beam lithography and polymer

demixing have become available. In this study, human fibroblast response to nanocolumns (160-nm high, 100-nm diameter, 230-nm centre–

centre spacing) produced by colloidal lithography are considered. Using electron microscopy and immunofluorescence to image the

cytoskeleton, clathrin and dynamin, it was observed that the cells try to endocytose the nanocolumns. It also appeared that a small population

of the cells changed to unusual morphologies with macrophage-like processes and highly disrupted cytoskeleton. These observations could

have implications for nanomaterials science in areas such as cell transfection and drug delivery.
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Introduction used to enhance and control cell response. Only recently,
Tissue engineering aims to restore the function of dam-

aged tissues by engineering cell function using scaffold

materials [1,2]. At present, many of these materials possess

uncharacterised surface topographies and this may signifi-

cantly limit the clinical success of the material. Materials

that have structured micro- and nanodesigns may provide a

way of eliciting responses that could be exploited for

research tools and medical materials.

Micron-scale topographies have been shown to induce

changes in cell adhesion, morphology, motility and gene

expression [3–8] (please refer to Ref. [9] for a recent

review). These surfaces certainly appear to have potential

in areas such as cell guidance to sites of tissue organisation

[10,11] and cell differentiation [8]. Cells will, however,

also be surrounded by nanoscale cues that may also be
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however, have the manufacturing techniques for nanofab-

rication been available on a scale sufficient for cell experi-

ments. Such techniques include electron-beam lithography

[12], polymer demixing [13] and colloidal lithography

[14–16].

In this report, the response of a major tissue-forming cell,

the fibroblast, is investigated in relation to 160-nm-high,

100-nm-diameter, nanocolumns produced by colloidal li-

thography. For this technique, an array of monodispersed

nanocolloids are electrostatically assembled on a substrate

and then used as a template for etching into the substrate

material [14,16]. The result of which are cylindrical col-

umns sculpted into the bulk polymer.

It seems likely that filopodia are one of the cell’s main

sensory tools. Gustafson and Wolpert [17] first described

filopodia in living cells in 1961. They observed mesenchy-

mal cells migrating up the interior wall of the blastocoelic

cavity in sea urchins and noted that the filopodia produced

appeared to explore the substrate. This led them to speculate

that they were being used to gather spatial information by

the cells [18].
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Filopodia have been associated with the sensing of

chemoattractent gradients (haptotaxis) [19,20] and sensing

of chemically different islands within polymers [21]. When

considering filopodial sensing of topography, neuronal

growth cone filopodia have been described as sensing and

then aligning cells to microgrooves [3,22,23]. Similar

observations have also been made for fibroblasts sensing

microgrooves [4].

Once a cell locates a suitable feature using the filopodia

presented on the leading edge, lamellipodia are formed that

move the cell to the desired site. These actions require G-

protein signalling and the actin cytoskeleton; specifically,

Cdc42 is required for filopodial assembly [24]. Cells lacking

Cdc42 cannot sense chemotactic gradients and simply

migrate in a random manner [25]. This, again, presents

compelling evidence for filopodial involvement in cell

sensing.

As well as looking into filopodial sensing of nanotopog-

raphy, this report also focuses on cell endocytosis (ingestion

of extracellular matter by cells). Such uptake by cells can be

roughly divided into three mechanisms: pinocytosis, endo-

cytosis and phagocytosis; the divides, however, are not

clear. Phagocytosis is traditionally considered to be the

uptake of large particulates, for example bacteria by macro-

phages. Endocytosis routinely occurs in all cell types and is

associated with uptake of proteins, perhaps the best charac-

terised being the transferrin–iron complex [26]. Pinocytosis

is considered to be involved with fluid-phase uptake, often

occurring with endocytosis. Clathrin coats the vesicles

formed during small-particle endocytosis, but is not in-

volved with all types of endocytosis. Here, we consider

clathrin-mediated endocytosis [26,27].

To investigate filopodial sensing and endocytosis, scan-

ning and transmission electron microscopies (SEM and

TEM) have been used. The cytoskeletal elements actin,

tubulin and vimentin and the proteins clathrin, dynamin

and Rac have been observed by fluorescence microscopy.
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-mm-

thick substrates were precut to a depth of 600 Am from the

backside. Colloidal lithography was used to modify the

surface of the polymer producing nanostructured features.

This approach is described in detail elsewhere [14,16], but

in brief utilises electrostatically assembled dispersed mono-

layers 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 T 50w RF

120s Batchtop) followed by electrostatic self-assembly of a

multilayer of polyelectrolytes [poly(diallyldimethylammo-
nium chloride) (PDDA, MW 200,000–350,000, Aldrich),

poly(sodium 4-styrenesulfonate) (PSS, MW 70000,

Aldrich) and aluminium chloride hydroxide (ACH, Re-

heis)]. Subsequent assembly of a colloidal mask (sulphate-

modified polystyrene colloid 107 F 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 from

15j 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. Fig. 1 shows an AFM height image of the

resultant structures (tapping mode DI dimensions 3000

sharpened Silicon oxide tip NT-MDT). During the etching

process, the surface of the polymer is oxidised and cross-

linked with the argon ions penetrating only relatively short

distances into the polymer and modifying only a thin outer

layer (5–7 nm). Flat control substrates with matched surface

chemistry (characterised by XPS, data not shown here) were

fabricated by subjecting flat PMMA substrates with no

assembled particles to argon ion bombardment. The resul-

tant surfaces had roughness levels around 3–5 nm.

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 presterilised in

70% ethanol. Fabrication and precleaning was carried out in

a class 1000 clean room before packaging in air-tight boxes

for transfer.

Cell culture

Infinityk telomerase immortalised human fibroblasts

(hTERT-BJ1, Clonetech Laboratories, Inc. USA) (passage

11) were seeded onto the test materials at a density of 1 �
104 cells per sample in 1 ml of complete medium. The

medium used was 71% Dulbecco’s Modified Eagle’s Me-

dium (DMEM) (Sigma, Poole, UK), 17.5% Medium 199

(Sigma), 9% foetal calf serum (FCS) (Life Technologies,

UK), 1.6% 200 mM L-glutamine (Life Technologies) and

0.9% 100 mM sodium pyruvate (Life Technologies). The

cells were incubated at 37jC with a 5% CO2 atmosphere.

Immunofluorescence and cytoskeletal observation

After 4 days of culture (approximately 60% confluence),

cells were fixed in 4% formaldehyde/PBS, with 1% sucrose

at 37jC for 15 min. The samples were washed with PBS,

and a permeabilising 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) was added at 4jC for 5 min. The

samples were then incubated at 37jC for 5 min in 1% BSA/

PBS, followed by the addition of either an anti-clathrin, anti

Dynamin, anti-rac, anti-vimentin or anti-h tubulin primary
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Fig. 1. Atomic force microscopical image of the 160-nm-high nanocolumns.
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antibody [1:100 in 1% BSA/PBS monoclonal anti-human

antibody raised in mouse (IgG1), h-vin1 (vinculin), V9

(vimentin), tub 2.1 (tubulin), Sigma, 23A8 (rac), Hudy-1

(dynamin), Upstate Biotech or clathrin from Biogenesis] for

1 h (37jC) (Table 1). Rhodamine-conjugated phalloidin was

added for the duration of this incubation (1:100 in 1% BSA/

PBS, Molecular Probes, OR, USA). 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, mono-

clonal horse anti-mouse (IgG), Vector Laboratories, Peter-

borough, UK] was added for 1 h (37jC) followed by

washing. A FITC-conjugated streptavidin third layer was

added (1:50 in 1% BSA/PBS, Vector Laboratories, Peter-

borough, UK) at 4jC for 30 min, and given a final wash.

Samples were then viewed by fluorescence microscope

(Zeiss Axiovert 200 M).
Table 1

Reasons for choice of antigens

Antigen Reason

Actin (microfilaments) Possible involvement in vesicle movement [28].

Tubulin (microtubules) Involvement in vesicle guidance and recycling

[29].

Dynamin Microtubule-associated GTPase associated with

pinching the vesicle from the cell membrane

[29].

Clathrin Coats the vesicles formed during endocytosis

[27].

Rac G-protein associated with lamellae formation

in cells [30].

Vimentin (intermediate

filaments)

Associated with mechanotransduction

associated with changes in cell shape [31].
Transmission electron microscopy

After 4 weeks of culture, cells were fixed with 1.5%

gluteraldehyde (Agar, UK) buffered with 0.1 M sodium

cacodylate (Agar) for 1 h. Cells were postfixed with 1%

osmium tetroxide, dehydrated in a series of alcohols. Once

dehydrated the samples were embedded in Spurr’s resin

(TAAB, UK) and polymerised at 70jC for 18 h. Ultrathin

sections were cut, stained with uranyl acetate (2% aq.) and

lead citrate, and viewed with a Zeiss TEM.

Scanning electron microscopy

Cells were fixed with 1% gluteraldehyde (Sigma) buff-

ered in 0.1 M sodium cacodylate (Agar) (4jC, 1 h) after a

4-day incubation period. The cells were then post-fixed in

1% osmium tetroxide (Agar) and 1% tannic acid (Agar)

was used as a mordant, then dehydrated through a series of

alcohol concentrations. The final dehydration was in hex-

amethyl-disilazane (Sigma). Once dry, the samples were

sputter coated with gold before examination with a Hitachi

S800 or S4700 field emission SEM.
Results

Atomic force microscopical observation of the substrates

revealed that nanocolumns had been produced. The col-

umns were measured to be 160 nm in height, 100 nm in

diameter, and had approximately 230 nm centre–centre

spacing (Fig. 1).
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Fibroblasts cultured on the planar controls had normal in

vitro morphologies as shown by both SEM (Fig. 2A) and

TEM (Fig. 2B). Cells on the nanocolumns, however, had

many filopodia (Figs. 2C–F). These could be seen to

interact with the nanocolumns both to the sides of (Figs.

2C–E) and underneath the cells (Fig. 2F and inset).

TEM examination of the lamellapodia on the nanocol-

umns showed that the cells were, in areas, internalising the

columns (Figs. 3A–C). In many cases, nascent vesicles

were observed in the proximity of these areas (Fig. 3A); in

other cases, larger vesicles could be seen close by (Fig. 3C).

SEM examination showed that in these areas, imprints of the

nanocolumns could be seen in the lamellae (Fig. 3D).

Staining of actin showed that cells cultured on the

nanocolumns had few stress fibres and that actin was mainly

located cortically (Figs. 4A,C,E,G). On the planar controls,

however, actin was highly organised, with stress fibres

observed through the cytoplasm of the fibroblasts (Figs.

4B,D,F,H). Microtubules were seen to be clearly organised

in cells on the controls, radiating to the cell periphery from

the tubulin organising centre (Fig. 4B). Whilst tubulin was

still seen to be clearly organised in fibroblasts on the

nanocolumns, the amount of tubulin appeared to be reduced,

i.e., less dense in appearance (Fig. 4A). Vimentin interme-

diate filaments were observed to be clearly organised in
Fig. 2. Electron microscopical images of fibroblast filopodia interacting with nan

transmission electron micrograph (scale bar = 500 nm) showing fibroblasts with

Scanning electron micrograph of filopodia interacting with nanocolumns (arrowh

directly overhead (scale bar = 500 nm). (E) High-magnification scanning electron m

bar = 100 nm). (F) Transmission electron micrograph of filopodia underneath the

higher magnification (F = filopodia) (scale bar = 200 nm).
cells grown on the planar controls (Fig. 4H). Vimentin was

less distinct, however, in cells on the nanocolumns (Fig.

4G). In these cells, vimentin was mainly observed close to

the cell nucleus, with little vimentin found in the cell

lamellae. Vimentin could, however, be observed in filopodia

(Fig. 4G, inset).

Clathrin staining in fibroblasts on the flat controls

showed only diffuse staining, representing only background

levels of endocytosis (Fig. 4F). In cells on the nanocolumns,

concentrated clathrin localisation was observed at the cell

peripheries, and it appeared that clathrin could also be seen

in the cell cytoplasm (Fig. 4E). Dynamin was seen to be

present in basal levels in fibroblasts on the controls (Fig.

4D), but increased levels were observed in cells on the

nanocolumns (Fig. 4C). In these cells, increased dynamin

was seen in lamellae and appeared to be associated to

microtubules (Fig. 4C).

A small population of cells cultured on the nanocolumns

appeared to take on almost macrophage-like morphologies,

forming large cavities reminiscent of the pseudopodial pits

used for phagocytosis (Figs. 5A,B). In these cells, the actin

cytoskeleton was seen to be highly disrupted, but clearly

involved in the formation of these cavities (Figs. 5C,E).

Tubulin was seen to be disrupted in the main cell body, but

clearly organised in the cytosol joining the cavities to the
ocolumns. (A) Scanning electron micrograph (scale bar = 40 Am) and (B)

normal morphology growing on planar control (scale bar = 40 Am). (C)

eads) (scale bar = 1 Am, imaged at 45j tilt). (D) As with C, but imaged

icrograph showing a filopodia (F) interacting with a nanocolumn (N) (scale

cells interacting with nanocolumns (arrows) (scale bar = 500 nm), inset at



Fig. 3. Images of fibroblasts attempting to endocytose nanocolumns. (A–C) Transmission electron micrographs of fibroblast lamellae enveloping the

nanocolumns (scale bar = 400 nm). (A) Formation of nascent vesicles (arrowheads) forming in close relation to the nanocolumns (arrows). (B) Formation of an

endocytotic pit (arrowhead) forming around a nanocolumn (arrow). (C) A larger vesicle (V) in close proximity of the nanocolumns (arrows). (D) Scanning

electron micrograph showing that the shape of the nanocolumns were clearly visible under the thin cell lamellae (L) (scale bar = 1.5 Am).

Fig. 4. Fluorescent images showing attempted endocytosis of nanocolumns. (A) Organised tubulin cytoskeleton (green) on the nanocolumns; denser tubulin is

present in cells on planar control (B). (C) Dynamin (green) was clearly present, and possibly associated to microtubules (inset), in the cell lamellae, whereas on

control (D) only background levels of dynamin were observed. (E) High levels of clathrin (green) accumulating at the cell peripheries on the nanocolumns

(arrow), compared to only diffuse staining observed in cells on the planar controls (F). (G) Poorly organised vimentin (green) in fibroblasts on the

nanocolumns. Inset shows that vimentin (contrast enhanced) was sparsely found in the lamellae, but was observed in the cells filopodia (arrowheads). (H) Well-

organised vimentin in fibroblasts on the planar controls. All images show actin (red in all images) to be more clearly organised in the cells on the planar

controls. The cells cultured on the nanocolumns have many less stress fibres. (Note: in all images, blue = nucleus, red = actin; scale bar = 20 Am).

M.J. Dalby et al. / Experimental Cell Research 295 (2004) 387–394 391



Fig. 5. Fibroblasts with macrophage-like phagocytotic pseudopodia. (A,B)

Scanning electron micrographs of pseudopodial openings (arrow) (scale

bar = 10 Am). (C) In these cells, actin was badly disrupted, but was located

to the outer ring of the pseudopod (arrow) (scale bar = 25 Am). (D) Tubulin

in the same cell was seen to be badly disrupted in the cell body, but clearly

organised coming from the pseudopod (arrow) (scale bar = 25 Am, V =

vesicle). (E) Poorly organised actin in a cell protrusion was again seen to

be involved in pseudopod formation. (F) Rac located to the opening in the

same cell. (G– I) Actin (G) and clathrin (H), for the same cell (scale bar =

25 Am). The cell appears to be badly disrupted (I), with high levels of

attempted endocytosis to the left hand side (arrowheads).
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main cell body (Fig. 4D). The G-protein Rac (involved in

lamellipodium formation [23]) was also seen to be localised

to these sites (Fig. 5F).

Some cells with intermediate morphologies were also

observed on the columns. Phase images of these cells

showed that they had invaginated membranes (Fig. 5I), that
actin was becoming disrupted at these points (Fig. 5G) and

that clathrin levels were high at these points (Fig. 5H).
Discussion

It was seen that initially filopodia were observed to sense

and interact with the columns. Some of the filopodia, as in

Fig. 2D, appeared to push against the nanocolumns, leading

to flattening of the filopodias ends.

The results suggest that once the fibroblasts have located

the nanocolumns, they attempt to endocytose them. Cla-

thrin-mediated endocytosis is a process whereby a cell

ingests nanosized material. All cells will have constant,

background, endocytosis. Steps in cell clathrin-mediated

endocytosis include membrane invagination, clathrin coated

pit formation, coated pit sequestration, detachment of the

newly formed vesicle via action of the small GTPase

dynamin and finally movement of this new endocytic

compartment away from the plasma membrane into the

cytosol [32,33]. Thus, the localisation of clathrin at the cell

peripheries, where TEM also showed the fibroblasts sur-

rounding the nanocolumns, indicates that the fibroblasts

were attempting to internalise the columns. Whilst empty

vesicles were often observed near the columns, no evidence

of internalised, removed or damaged structures was found.

The columns forming part of the bulk PMMA were pre-

sumably too strongly attached to the surface.

This is in agreement with several recent studies. Wood et

al. [34] looked at the underside of epitenon cells grown on

50-nm-diameter gold colloids attached to a silicon surface

by amilnosaline, and in their study, the cells were not able to

move the colloids. Whilst in other studies using polymeric

particles coated in thin metallic films, no ability for the cells

to remove the structures was observed [35,36].

In further support of the cells trying to endocytose the

nanocolumns, dynamin was also observed to be located to

these regions. Dynamin is a microtubule-associated small

GTPase and is involved in pinching the clathrin-coated

vesicles so as to allow internalisation (see Ref. [37] for a

review of dynamin). Essentially, dynamin binds and hydrol-

yses GTP, resulting in a net motive force used to sever

membrane tubules [38,39].

Involvement of the cytoskeleton in endocytosis is less

clear. Actin is being tied into the movement dynamics of

endocytotic vesicles, but further proof is being sought

[32,33,40]. Within this study, little association of actin/

clathrin and actin/dynamin was observed in most of the

cells expressing these proteins. In fact, cells on the nano-

columns had less clearly organised actin cytoskeletons.

Vimentin was also seen to be poorly organised in cells on

the nanocolumns, and appeared to be absent from regions of

lamellae. Tubulin, however, was observed to be clearly

organised in fibroblasts on the nanocolumns, although

quantity appeared to be reduced. Organisation of micro-

tubules is required for endocytosis with dynamin being
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microtubule associated [41]. Stable tubulin arrangement is

also required for recycling of endoctototic vesicles [42].

The cytoskeleton is involved in cell support and mecha-

notransduction. In our recently submitted work, we have

shown reduced cell spreading and changes in adhesion

characteristics and morphology of focal contacts, with

contacts formed on nanocolumns being smaller than those

formed on planar control. Focal contacts are important in

cell signalling (see Ref. [43] for a review). Recent thinking

is that focal contacts are also considered to be important in

supporting the cytoskeleton and cell shape through the

formation of tensegrity structures [44,45]. Thus, reduced

cell spreading and focal adhesion formation may be causing

the reduced cytoskeletal organisation observed here.

Changes in adhesion morphology have also been ob-

served recently on other nanotopographies. Fibroblasts

cultured on 13-nm-high, 260-nm-wide islands (random

arrangement, produced by polymer demixing) showed

increases in the number of adhesions expressed and in-

creased actin and tubulin organisation [46]. Epitenon cells

cultured on nanopits with a 150-nm diameter (orthogonal

arrangement, produced by electron beam lithography)

showed a marked reduction in cell adhesion; cells that were

adhered had small focal adhesions and poorly organised

actin cytoskeleton [47]. Epithelial cell adhesion morphology

has also been shown to conform to the size of nanogrooves,

with focal adhesion width increasing with groove width

(groove dimensions from 70-nm width and 400-nm pitch up

to 1.9-Am width and 4-Am pitch) [48]. Also, in older studies

with microgrooved topographies, changes in adhesion mor-

phologies have also been observed, with alignment of focal

contacts and cytoskeletons in macrophages and fibroblasts

[6,49] along the grooves.

The combination of these results demonstrates that to-

pography may strongly influence the formation of focal

adhesions and subsequent formation of cytoskeleton, and

that this may in turn alter the ability of cells to spread. Here,

it is seen that actin and vimentin are poorly organised in

cells cultured on the nanocolumns. Thus, in agreement with

the cellular tensegrity model, where microtubules act as

load-bearers, intermediate filaments as tensile stiffeners and

microfilaments acting to anchor the tensegrity unit and

apply prestress to it [50,51], the cells on the nanocolumns

are less well spread with less-defined cytoskeletons com-

pared to those on control. The exception, in this case, being

the microtubules, which are clearly organised due to the

requirements for endocytosis.

An interesting observation was the very small population

of poorly spread fibroblasts with disrupted cytoskeletons

and pseuodopodial, ‘macrophage-like’ processes [52]. The

actin and tubulin cytoskeletons were, however, seen to be

well organised around the pseudopodia-like cavity, suggest-

ing that the cells were attempting to ingest from the external

environment. Rac was also seen to locate to these processes,

colocalising with actin, hence driving the cell to produce the

processes.
Similar disruption of fibroblast cytoskeleton has been

previously seen in fibroblasts that have endocytosed large

quantities of magnetic nanoparticles. These cells were

observed to contain large vesicles and very diffuse micro-

filaments and microtubules [53], reminiscent of the cells

shown in Fig. 4 in this report. Uptake of high levels of

nanoscale particles has also been shown to disrupt macro-

phage cytoskeleton and function [54]. Thus, in this study, it

appears that cells only need the external stimuli of particles/

columns for this disruption to take place.

This report shows that control of the cells nanoenviron-

ment can lead to increased levels of endocytosis. In this

environment, the cells are responding as if they are

reacting both to a fixed topography, by altering adhesions

and cytoskeleton, and to free nanoparticles by inducing

endocytosis.
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