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Studying the cytoskeletal organization as cells interact in their local microenvironment is interest of biological science, tissue engineering and cancer diagnosis applications. Herein, we describe the behavior of cell lines obtained from metastatic breast tumor pleural effusions (MDA-MB-231), normal ﬁbrocystic mammary epithelium (MCF10A), and HS68 normal ﬁbroblasts inside three dimensional (3-D) isotropic silicon microstructures fabricated by a single-mask, single-isotropic-etch process. We report differences in adhesion, mechanism of force balance within the cytoskeleton, and deformability among these cell types inside the 3-D microenvironment. HS68 ﬁbroblasts typically stretched and formed vinculin-rich focal adhesions at anchor sites inside the etched cavities. In contrast, MCF10A and MDA-MB-231 cells adopted the curved surfaces of isotropic microstructures and exhibited more diffuse vinculin cytoplasmic staining in addition to vinculin localized in focal adhesions. The measurement of cells elasticity using atomic force microscopy (AFM) indentation revealed that HS68 cells are signiﬁcantly stiffer (p < 0.0001) than MCF10A and MDA-MB-231 cells. Upon microtubule disruption with nocodazole, ﬁbroblasts no longer stretched, but adhesion of MCF10A and MDA-MB-231 within the etched features remained unaltered. Our ﬁndings are consistent with tensegrity theory. The 3-D microstructures have the potential to probe cytoskeletal-based differences between healthy and diseased cells that can provide biomarkers for diagnostics purposes. Ó 2010 Elsevier Ltd. All rights reserved.
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1. Introduction Cell cytoskeleton is a highly dynamic polymeric network which deﬁnes the cell shape and its mechanical rigidity [1]. Any change in the cytoskeletal structure can affect the interaction of cells with their surrounding microenvironments [2]. Biological events in normal cells such as embryonic development, tissue growth and repair, and immune responses as well as cancer cell motility and invasiveness are dependent upon or regulated by cytoskeletal reorganization and the biomechanical properties of the cytoskeleton [1,3e5]. Understanding how the cell cytoskeleton reorganizes during its interaction with the surrounding environment is a fundamental biological question with applications to tissue engineering [6] and cancer diagnosis and therapy [7]. The extracellular matrix (ECM) proteins in vivo form a complex and textured interconnecting network and a (3-D) surface * Corresponding author. Department of Mechanical Engineering, Virginia Tech, Blacksburg, VA 24061, USA. Tel.: þ1 540 231 4180; fax: þ1 540 231 3362. E-mail addresses: [email protected] (M. Nikkhah), [email protected] (J.S. Strobl), [email protected] (R. De Vita), [email protected] (M. Agah). 0142-9612/$ e see front matter Ó 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.biomaterials.2010.02.034



topography [8,9]. Cells are exposed to several mechanical, chemical and three dimensional topographical stimuli, which modulate their behaviors such as migration, growth, and adhesion. With advances in micro- and nano-fabrication technology, researchers have been able to create substrates comprised of precise micro- and nanotopographical and chemical patterns in order to mimic more in vivo microenvironments for biological and medical applications. These studies have provided valuable information on several cellular processes such as migration [10e12], cytoskeletal organization [12,13], contact guidance [14e16] and differentiation [17] on the proposed micro- and nano-environments. However, many of the previous approaches have relied on using either microstructures comprising anisotropic geometries (grooves) [18e21], or polymeric ﬁbrous networks [22]. It is well known that 3-D microenvironments inﬂuence cell functions to a great extent and are different from standard two-dimensional (2-D) culture environments [23,24]. Our group recently reported the development of 3-D silicon microstructures which comprised of curved isotropic surfaces to characterize and compare the growth and adhesion behavior of normal ﬁbroblast and metastatic human breast cancer cells [25,26].
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The isotropy of the curved surfaces determined by an approximately constant curvature is an excellent characteristic of our microstructures since it can be used for understanding the mechanism of deformation, adhesion and force balance within the cytoskeleton of different cells. This eliminates variability in the cell behavior introduced by the geometrical anisotropy of the microstructures. In this paper, by building upon our previous work, we are interested in studying the biological behavior of the cell lines obtained from metastatic breast tumor pleural effusions, normal ﬁbrocystic mammary epithelium, and normal ﬁbroblasts inside 3-D isotropic microstructures. Breast carcinoma frequently originate with cells that normally line the milk ducts within the mammary gland [27]. It is also well known that inside the body ﬁbroblast cells are intimately embedded within the breast microenvironment [28]. In invasive breast carcinoma, the tumor cells ﬁll the duct, and the basement membrane, which normally separates the ductal epithelial cells from the stromal elements, primarily the ﬁbroblasts, is disrupted resulting in close juxtaposition of carcinoma cells and the ﬁbroblast cells of the breast stroma. This structural reorganization constitutes a critical pathobiological transition leading to disease progression [29]. Herein, we present the detailed cytoskeletal organization and adhesion mechanism of normal breast epithelial cells, metastatic breast cancer cells and ﬁbroblast cells, three key cellular components embedded in any breast tumor microenvironment [28], inside the 3-D silicon microstructures. The role of actin cytoskeleton in the cell adhesion behavior was established in our previous study [25]. In this work we explored the contribution of the cellular elasticity, focal adhesion complexes, and microtubules on the
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adhesion characteristics of the cells inside the isotropic (curved) 3D microstructures. The role of microtubules in ﬁbroblasts behavior on 2-D rigid surfaces and 3-D collagen matrices has been addressed before [30], but is relatively understudied in human breast cancer cells, where they might signiﬁcantly impact pathological cell behaviors such as adhesion, migration and metastasis. We used atomic force microcopy (AFM) indentation to quantitatively measure cellular elasticity. The results of the current research can provide important diagnostic and prognostic markers unique to the tumor, which could ultimately be used to develop new tools for the detection and treatment of breast cancer. 2. Materials and methods 2.1. Silicon device fabrication Fig. 1(a, b) shows the photo image of the fabricated microdevice and the corresponding Scanning Electron Microscopy (SEM) images. The fabrication process of 3-D silicon microstructure is similar to our previous work. It relies on the application of reactive ion etching (RIE) lag and its dependence on geometrical patterns of the photomask layout to etch silicon to different depths [25]. Brieﬂy, the fabrication process was started by depositing 8000  A-thick plasma enhanced chemical vapor deposition (PECVD) oxide layer on a silicon wafer. After spinning and patterning photoresist, the oxide layer was etched for 3 min using deep reactive ion etching (DRIE) CH4/C4F8 plasma. Next, silicon was etched using DRIE SF6 plasma to form complex arrays of features composed of star- and circular-shaped microchambers. After removing photoresist, the oxide layer was subsequently removed using DRIE. As shown in the SEM images of the microchambers, the depth of the microchambers varies between 60 and 70 mm and the width ranges between 150 and 170 mm. It is notable that the described fabrication technique provides localized rough edges on the curved sidewalls and on the bottom surface of the microchambers. In the star



Fig. 1. (a) Photo image of the fabricated devices in silicon. (b) SEM images of the 3-D silicon microstructures comprising star- and circular-shape microchambers. With the fabrication technology utilized, scalloped edges can be formed on the curved sidewalls and the bottom surface of the microchambers.
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M. Nikkhah et al. / Biomaterials 31 (2010) 4552e4561 culture medium, which contained 5% fetal bovine serum (FBS), 1 mM sodium pyruvate, and penicillinestreptomycin (100 Units/ml). MCF10A cells were grown in plastic T-75 cm2 culture ﬂasks using Hams F12:DMEM (50:50) (Mediatech), 2.5 mM L-glutamine (Mediatech), 20 ng/ml epidermal growth factor (EGF) (Sigma), 0.1 ng/ml cholera toxin (CT) (Sigma), 10 ug/ml insulin (Sigma), 500 ng/ml hydrocortisone (Sigma) and 5% horse serum (Atlanta Biologicals).For adhesion analysis, all the cells were grown for 48 h at 37  C in humidiﬁed 7% CO2-93% air atmosphere after plating at a density of 1.1  104 cells/mm2on 3-D silicon microstructures in RPMI culture medium which contained 10% FBS. After 48 h of growth, nocodazole was added to the culture medium for either 30 min or 3 h prior to ﬁxation for confocal imaging to illustrate cell adhesion alteration inside the isotropic substrates.



2.3. Immunoﬂuorescence for cytoskeletal organization and focal adhesions



Fig. 2. Single cell indentation experiment using AFM. The cells were indented using a silicon nitride cantilever. A glass sphere (Duke Scientiﬁc) with nominal diameter of w10 mm was attached to the cantilever tip to reduce any nonlinearity in deforming stress and avoid damaging the sample (Top right inset).



patterns, the rough edges formed on the sidewalls (Fig. 1(b), top left inset) while in the circular-shaped microchambers, the rough edges were localized on the bottom of the microchambers in the form of concentric rings (Fig. 1(b), top right inset). 2.2. Cell culture preparation and reagents Normal human ﬁbroblast cells (HS68), normal human breast epithelial cells (MCF10A), and metastatic human breast cancer cells (MDA-MB-231) investigated in this work were purchased from the American Type Culture Collection (ATCC). MDAMB-231 and HS68 cells were maintained in plastic T-75 cm2 culture ﬂasks in RPMI



We assessed the formation of focal adhesion complexes and actin cytoskeleton in cells attached to the 3-D isotropic microstructures using confocal microscopy (ZEISS-LSM-510 META) in the reﬂection mode after tagging the complexes with vinculin, a protein prominent in focal adhesions in both ﬁbroblast and breast cells [31,32]. For vinculin staining, 3% paraformaldehyde (PF) solution in 250 mM Tris, pH 7.2 was used to ﬁx the cells on the 3-D silicon microstructures for 10 min. Then the cells were exposed to 6% PF solution with 0.25% Triton X-100 in PBS for another 10 min to permeabilize the cell membrane. A monoclonal mouse anti-vinculin antibody (Abcam) was diluted 1/100 in 2% chicken serum albumin in PBS and added to the samples for 30 min. Next, rhodamine conjugated goat anti-mouse secondary antibody (Invitrogen) was diluted 1/300 in 2% chicken serum albumin in PBS and added to the samples for 30 min. The actin cytoskeleton was stained using, AlexaFluor488 phalloidin (Invitrogen) (10 U/ml in 140 mM NaCl-6% bovine serum albumin in 40 mM Tris, pH 7.2). Following the vinculin and actin staining, the samples were rinsed three times in PBS and mounted on ProLong Gold antifade reagent with DAPI (Invitrogen) for ﬁnal imaging. For microtubules staining, cells were ﬁxed as described above for vinculin staining. A mouse monoclonal anti-b-Tubulin I þ II antibody (Sigma) was diluted 1/ 750 in 2% chicken serum albumin in PBS for HS68 cells, and 1/1000 in 2% chicken serum albumin in PBS for MCF10A and MDA-MB-231 cells and added to the samples for 30 min. After washing the cells, rhodamine conjugated goat anti-mouse secondary antibody (Invitrogen) was diluted 1/300 in 2% chicken serum albumin in PBS and added to the samples for 30 min. Fluorescence microcopy (Nikon Eclipse 80i) was performed to image the microtubules.



Fig. 3. SEM images of the HS68 ﬁbroblasts (aec), MCF10A (def), and MDA-MB-231 (gei) cells inside the isotropic microstructures. Fibroblasts mostly stretched inside the etched features while both MCF10A and MDA-MB-231 cells deformed and adapted their shape to the curved sidewalls of isotropic geometries. Scale bars represent 20 mm.



M. Nikkhah et al. / Biomaterials 31 (2010) 4552e4561



4555



Fig. 4. Planar and 3-D confocal images of the HS68 ﬁbroblasts (aed), MCF10A (eeh), and MDA-MB-231 (iel) cells attached on ﬂat surfaces and inside the etched features. Actin cytoskeleton is stained in green and vinculin is stained in red. Image (c) shows the side view of image (b); arrow identiﬁes the stretched ﬁbroblast cells. Images (g,k) show the side view of images (f,j) respectively; arrows identify deformed MCF10A and MDA-MB-231 cells inside the isotropic microchambers. Scale bars represent 20 mm.



2.4. Scanning electron microscopy (SEM) SEM (Leo ZEISS 1550) was also performed to investigate the detailed effects of the etched features on the cellular morphology and adhesion characteristics. Following 48 h of growth, cells were ﬁxed in 3.7% formaldehyde in PBS for 10 min. The samples were critical-point-dried and sputter-coated with a thin layer of gold palladium prior to SEM imaging. 2.5. Atomic force microscopy and Hertz's model Due to the technical difﬁculty in measurements of the cells' Young's modulus on silicon surfaces, the AFM experiments were performed on the cells attached on the Collagen IV (Sigma) coated 25 mm round glass coverslips. Cells were plated with the density of 3  104 cells/ml on glass coverslips and incubated for 24 h prior to experimentation. Atomic force microscopy from Asylum Research Corporation (Santa Barbara, CA), MFP-3D-Bio, was used for force measurement. The AFM was combined with an inverted optical and ﬂuorescence microscope (Olympus IX71) for precise positioning of the AFM tip on the samples and monitoring its movement during force application. For MDA-MB-231 cells, optical microscopy was used to guide and locate the AFM cantilever tip on the center of the cells while for MCF10A and HS68 cells, ﬂuorescence microscopy was used for better visualization and locating the tip on the center of the cell. For this purpose, MCF10A and HS68 cells were labeled for 25 min in serum-free medium containing 1 ml/ml of the membrane permeable ﬂuorescent vital dye Cell Tracker Orange (Invitrogen). Soft V-shaped silicon nitride cantilevers, TR400PSA (Olympus), with the nominal length of 200 mm and a spring constant of 0.02 N/m were used in this study. The spring constant was experimentally measured using thermal noise ﬂuctuations. A glass sphere (Duke Scientiﬁc) with nominal diameter of w10 mm was attached to the cantilever tip to reduce any nonlinearity in deforming stress and avoid damaging the sample (Fig. 2, top right inset). SEM was used to measure the exact diameter and the location of the



glass attached to the tip. All the measurements were carried out using a standard ﬂuid cell (Asylum Research) at room temperature. After plating the cells, 20 mM HEPES was added to the cell culture medium to maintain a physiological pH during the experimentation. The pH of the culture medium was measured to be 7.2 after adding HEPES. The measurements were carried out at the center of the cell with the tip velocity of 0.5 mm/s. The cells' Young's modulus was computed by using the Hertz's model [33,34]. According to the model, the relationship between the applied force, F, and the indentation depth, d, can be expressed as: F ¼



pﬃﬃﬃ 4 R Ed3=2  3 1  n2



(1)



where R is the radius of the tip, and E and v are the Young's modulus and Poisson's ratio of the indented cell, respectively. The indentation d, is usually interpreted as the difference in the relative changes of the piezo-stack movement and cantilever deﬂection and, thus, can be expressed as:



d ¼ ðz  z0 Þ  ðd  d0 Þ



(2)



z0 and d0 are the piezo-stack height and cantilever deﬂection at the contact point, respectively. One of the difﬁculties in using Hertz model is ﬁnding the initial contact point between the cell and the tip of the cantilever. By following the approach proposed by Guo et al. [35], this difﬁculty can be overcome by employing the linear version in d of the Hertz's model to deﬁne the contact point. Equation (1) can be rewritten as " F 2=3 ¼



#2=3 pﬃﬃﬃ 4 R E d 3 1  n2 



and, consequently, by substituting equation (2) into equation (3), one gets:



(3)
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Fig. 5. HS68 ﬁbroblast, MCF10A and MDA-MB-231 population elasticity. The cells elastic modulus were best described by log-normal distributions. Bottom right ﬁgure shows the log transformed data indicating that ﬁbroblast cells had the largest elastic modulus, followed by MCF10A cells then MDA-MB-231 (p < 0.0001).



" F 2=3 ¼



#2=3 #2=3 " pﬃﬃﬃ pﬃﬃﬃ 4 R 4 R E E ðz  dÞ   ðz0  d0 Þ 3 1  n2 3 1  n2 



(4)



Equation (4) can be regarded as the equation of a line in the plane (F2/3, z  d). The Young's modulus can then be directly calculated from the linear slope of F2/3 and the contact point, (z0  d0), can be then calculated from the intercept of equation (4) by using the following equations " S ¼



#2=3  pﬃﬃﬃ   3 1  n2 4 R E  pﬃﬃﬃ ;E ¼ S3=2 2 3 1n 4 R "



C ¼ 



#2=3 pﬃﬃﬃ 4 R E  ðz0  d0 Þ; 2 n 3 1



ðz0  d0 Þ ¼ C=S



(5)



(6)



The Poisson's ration v is assumed to be 0.5 in accordance with the incompressibility assumption usually employed for cells and soft tissues [36]. All the data analysis and curve ﬁtting of the Hertz's model to the collected force-indentation data were performed using MATLAB 7.0 software. 2.6. Cell area measurement and statistical analysis Cell area measurements were performed on the ﬂat surfaces surrounding the etched cavities on each silicon chip using ﬂuorescence images and the National Institutes of Health (NIH) ImageJ (v. 1.41) software. For MCF10A cells, the area of a cluster of the cells was measured and divided by the number of the cells within the cluster to obtain the average area of a single cell. A two-sample independent t-test was performed using Graph Pad Prism 5.0 statistical software to compare the cell area its Young's modulus obtained with AFM.



3. Results In the ﬁrst set of experiments, we examined the adhesion behavior of the cells to the 3-D silicon microstructures using SEM and confocal imaging. Fig. 3 shows SEM images of the cells attached inside the etched features. These images demonstrate that the



ﬁbroblasts mostly developed tension and were stretched inside the etched features (Fig. 3(aec)) while both MCF10A and MDA-MB-231 cells deformed and adapted their shape to the curved sidewalls of isotropic geometries (Fig. 3(dei)). Fig. 4 shows the confocal images of the HS68, MCF10A and MDAMB-231 cells attached inside the etched features. The confocal images inside the microchambers were taken at different depths of focus to construct 3-D Z-stack images. These images clearly indicate the stretching behavior of the ﬁbroblast cells inside the microchambers thus conﬁrming our previous observations using SEM imaging technique (Fig. 4(aed)). The side view of the stretched ﬁbroblast cells within isotropic microchambers is shown in Fig. 4(c) (arrow). Fibroblast cells protrude lamellipodia while attached inside the isotropic microchambers. Formation of several vinculincontaining focal adhesions (red-stain) on the anchoring sites of the ﬁbroblast cells to the isotropic microstructures is clear from these images (Fig. 4(c, d)). On the other hand, both MCF10A and MDAMB-231 cells adapted their cytoskeleton to the curved sidewalls of the isotropic microchambers. Fig. 4(g, k) shows the side view of deformed MCF10A and MDA-MB-231 conﬁrming that these cells adopt the curvature of the isotropic sidewalls. Fig. 4(h) shows the formation of the vinculin-containing focal adhesions of MCF10A cells around the ring edges at the bottom of the etched cavities. MCF10A cells maintained their cellecell junction on the curved surfaces inside the etched features as well as on ﬂat areas around the periphery of the etched features (Fig. 4(e, f)). See Appendix for supplementary data. To assess the role of cytoskeletal stiffness in differential adhesion characteristics of the cells to the 3-D isotropic microstructures, the Young's modulus of the cells was measured using AFM and Hertz's model. The Hertz model was accurately ﬁt to the experimental data to obtain Young's modulus (R2 w 0.98). The population



M. Nikkhah et al. / Biomaterials 31 (2010) 4552e4561 Table 1 Elastic parameters for normal human ﬁbroblast cells (HS68), normal human breast epithelial cells (MCF10A) and metastatic human breast cancer cells (MDA-MB-231). Cell



n



Eelastic



Ave. Force (nN)



Ave. Indentation (nm)



HS68 MC10A MDA-MB-231



64 59 47



1.86  1.13 1.13  0.84 0.51  0.35



0.38  0.15 0.38  0.07 0.41  0.12



184.5  126.4 262.8  146.7 428  237.6



Data are presented mean  standard deviation.



of elasticity measurements (Young's modulus, E) of the cells was not normally distributed according to ShapiroeWilks test and was best described by log-normal distributions having a shift toward lower modulus (Fig. 5). HS68 cells had a broad distribution peak compared to both MCF10A and MDA-MB-231 cells. The peak modulus of HS68, MCF10A and MDA-MB-231 was located at
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1.15 kPa, 0.43 kPa and 0.2 kPa, respectively. Table 1 shows the summary of elasticity measurements of the cells. Distinct biomechanical properties were observed among the three cell types. Given the same amount of average force exerted on the cell body, the indentation depths for MCF10A and MDA-MB-231 cells were higher than for ﬁbroblast cells (Table 1). The AFM data suggests that the ﬁbroblast cells are signiﬁcantly stiffer (p < 0.0001) than both MCF10A and MDA-MB-231 cells. Although, the AFM analysis conﬁrmed that MCF10A cells were signiﬁcantly (p < 0.0001) stiffer than the MDA-MB-231 cells, these cells behaved similarly in terms of adhesion inside the etched features. These observations and measurements led us to speculate that microtubules may also play a role in adhesion of the cells to the 3-D silicon substrates. To test this hypothesis, we disrupted the microtubules by nocodazole treatments for either 30 min or 3 h.



Fig. 6. Fluorescence images showing the distribution of microtubules and nuclei in HS68 (a,b), MCF10A (c,d) and MDA-MB-231 (e,f) cells before and after treatment with nocodazole (3 h). Nocodazole completely disrupted microtubules in all cell types. Scale bars represent 50 mm.
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Fig. 7. Confocal images of HS68 ﬁbroblasts (aec), MCF10A (def), and MDA-MB-231 (gei) cells attached on ﬂat surfaces and inside the etched features after adding nocodazole. Actin cytoskeleton is stained in green and vinculin is stained in red. Images (a,d,g) show the cells attached on ﬂat surfaces. Images (b,c) show HS68 ﬁbroblast cells after 30 min and 3 h of nocodazole treatment. After 3 h cells lost their stretching behavior and adopted a rounded morphology. MCF10A and MDA-MB-231 cell adhesion to the isotropic microchambers did not signiﬁcantly alter in response to nocodazole (eef, hei). Scale bars represent 20 mm.



Prior to visualization of cytoskeletal organization and adhesion of the cells inside the etched features at these time points, ﬂuorescence microcopy was performed to visualize the disruption of microtubules by nocodazole. Fig. 6 illustrates the microtubule organization in HS68, MCF10A and MDA-MB-231 cells before and after treatment with nocodazole. This ﬁgure clearly demonstrates that after 3 h, microtubules are completely disrupted throughout the cell body in all the cell types. With respect to cytoskeletal organization of the cells inside the etched features, after 30 min of nocodazole, most of the actin ﬁbers of HS68 ﬁbroblast cells retracted and only a few of them remained stretched inside the etched cavities (Fig. 7(b)). After 3 h of treatment with nocodazole, these cells lost their stretched morphology inside the etched cavities (Fig. 7(c)). Although actin stress ﬁbers and focal adhesions to the substrate were maintained, the cell shape adopted a rounded morphology while the cell area remained



unchanged (Fig. 8). These ﬁnding are consistent with previous work [30] with human foreskin ﬁbroblasts attached to collagen coated glass coverslips after treatment with nocodazole. MCF10A cells adhesion to the isotropic microchambers did not signiﬁcantly change in response to nocodazole at either the 30 min or 3 h time point (Fig. 7(e, f)). These cells maintained their cellecell junctions and their cell area (Fig. 8) after treatment with nocodazole suggesting that microtubules do not contribute signiﬁcantly to the maintenance of MCF10A cell shape and adhesion to the isotropic microchambers. In MDA-MB-231 cells, after 30 min of treatment with nocodazole, the lamellipodia formed were smaller in size compared to control cells, and the cell morphology was dominated by lamellipodial extensions. The adhesion behavior of the cells remained unchanged (adapting to the curved sidewalls of isotropic microchambers) after 30 min and 3 h treatment with nocodazole (Fig. 7
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Fig. 8. HS68, MCF10A and MDA-MB-231 cell area measured using NIH ImageJ software. HS68 and MCF10A cell area were not signiﬁcantly changed in response to nocodazole. However, MDA-MB-231 cell area was signiﬁcantly (p < 0.02) decreased after nocodazole treatment. Data are presented mean  standard deviation (n ¼ 20).



(h, i)). However, the cells became rounded and the cell area signiﬁcantly decreased (p < 0.02) in response to nocodazole after 3 h (Fig. 8). 4. Discussion With the advances in micro/nano-fabrication technologies, numerous studies have investigated the effect of the surface topography on various cell behaviors such as migration [11,12], differentiation [17] and cytoskeletal organization [12,13]. Although these studies have reported valuable data in terms of biological functions of the cells, the proposed substrates are limited on anisotropic micro/nano structures or polymeric ﬁbrous networks. In this study, the detailed cytoskeletal organization and adhesion behavior of three types of cells embedded in human breast tumor microenvironment in 3-D isotropic silicon microstructures was investigated by combining SEM, confocal microscopy and AFM. With respect to normal human ﬁbroblast cells (HS68) and metastatic human breast cancer cells (MDA-MB-231), the results of the current work were in good agreement with our previous ﬁndings in which we investigated the interaction of these cells with 3-D isotropic microstructures [25,26]. In our earlier work, we demonstrated that actin cytoskeleton plays a signiﬁcant role in the stretching behavior of ﬁbroblastic cells inside the microstructures having curved surfaces [25]. Disruption of the actin cytoskeleton of the ﬁbroblast cells using cytochalasin D caused a signiﬁcant alteration in the adhesion behavior of these cells in which they adopted the curved sidewalls of isotropic geometries [25]. Herein, the different behavior exhibited by these cells on 3-D microstructures was then correlated to their biomechanical properties (i.e. elasticity). AFM analysis conﬁrmed that the average Young's modulus of ﬁbroblast cells was signiﬁcantly greater than the average Young's modulus of normal human breast epithelial cells (MCF10A) and metastatic breast cancer cells (MDA-MB-231). Knowing that the actin cytoskeleton is a major determinant of the cell overall strength [37,38], the AFM results conﬁrm our previous ﬁnding which suggested that cell stiffness affects the adhesion behavior of the cells to the 3-D isotropic architecture. It is also well known that the cellular cytoskeleton inﬂuences their biomechanical behavior including interactions with supporting substrates and neighboring cells [1,5]. The tensegrity theory has been very successful in describing the complex mechanical behavior of adherent cells. According to this theory, the cell can be viewed as a tensional structure in which actin ﬁlaments



4559



bear tensile loads and microtubules bear compression loads [39]. The prestress, deﬁned as the tensile stress in the cytoskeleton prior to application of an external load, is determined by actin ﬁlaments and balanced by microtubules and attachments to substrates or other cells. The theory predicts that the prestress in cells is proportional to their stiffness which is in agreement with experimental observations [40]. As indicated by the tensegrity theory and results of our AFM experiments, the prestress in the HS68 cells is higher than in MCF10A and MDA-MD-231 cells. The Young's modulus of MCF10A cells was found to be signiﬁcantly greater than the Young's modulus of MDA-MB-231 cells. With respect to breast cancer, earlier studies compared the elasticity of MCF10A and human cancerous breast cells (MCF7), and established that MCF7 cells are softer than MCF10A cells [41e43]. Our ﬁndings showing a decrease in cell stiffness in metastatic MDAMB-231 cells compared to the normal breast cell line MCF10A concur with the previous work [44e46]. However, we also noted that although the MCF10A cells were signiﬁcantly stiffer and had a higher prestress compared to MDA-MB-231 cells, the adhesion behavior of these two cell types inside the 3-D isotropic microstructures was in fact similar. Both breast cell lines, as opposed to normal ﬁbroblasts, were able to adapt to the curved surfaces. This suggested that in addition to cytoskeletal prestress, focal adhesion complexes, other cytoskeletal components and cell morphology (which affects the magnitude of contractile forces [13]) inﬂuence the adhesion pattern and adaption of the cells to the 3-D microstructures. This paper in particular investigated the role of microtubules and attachments through the vinculin-containing focal adhesions to the substrate. In the HS68 cells, vinculin staining was concentrated in the cell periphery, locations where the cells anchored to the isotropic geometries. Disruption of the microtubules by nocodazole (3 h) inhibited the stretching behavior of the ﬁbroblast cells within the etched features and caused these cells conform to the 3-D microstructures. Rhee et al. [30] showed that the microtubules are required for polarization of ﬁbroblast cells attached on collaged coated coverslips and not for the cell spreading. Thus, within the context of the tensegrity theory, these ﬁndings conﬁrm that prestress within the cytoskeleton of the ﬁbroblast cells is mainly balanced by the microtubules. It was quite evident by the pattern of vinculin staining that the distribution of the focal contacts was different in MCF10A and MDA-MB-231 cells compared to HS68 cells. Furthermore, no signiﬁcant difference in the adhesion behavior of MCF10A and MDA-MB-231 cells were observed after disrupting their microtubules. The experimental data suggested that in breast cells, microtubules had a minor effect, if any, in the adhesion pattern to the 3-D microstructures, and this was in marked contrast to what was observed in ﬁbroblast cells. Our observations also suggest that the differential adhesion behavior of these cell types within the etched features was inﬂuenced by the organization and the density of the adhesion sites. Although MCF10A cells were stiffer (having higher prestress) than MDA-MB-231 cells, the higher prestress could be balanced by their interaction with the substrate rather than by microtubules. In addition, the higher prestress in MCF10A cells deprived of microtubules could be partially balanced through connection points with neighboring cells and cellecell junctions. It must be noted that the difference in the focal adhesions among the cell lines can be related to the effect of growth factors and serum which causes activation of small GTP-binding protein, Rho, and cytoskeletal tension [13,47,48]. This subject, however, is beyond the scope of the current work. Other investigators dissolved the microtubules in other types of ﬁbroblasts by using the same drug [49,50]. However, in the cited studies, the cells were in contact with collagen gels and matrices and, hence,
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the disruption of the microtubules also produced deformation of the collagen. 5. Conclusion In this work we investigated the role of major cytoskeletal ﬁbers namely, actin ﬁlaments and microtubules as well as focal adhesions proteins (vinculin) and cell biomechanical properties in adhesion behavior of the cells inside 3-D silicon microstructures. HS68 ﬁbroblast cell stretched inside the etched features, while both MCF10A and MDA-MB-231 cells adopted the curved surfaces of isotropic microchambers. In stretched HS68 cells, vinculin-containing focal adhesions were observed on anchoring sites to the etched features. MCF10A and MDA-MB-231 cells exhibited more diffuse Vinculin within the cell body. AFM indentation conﬁrmed that HS68 cells were signiﬁcantly stiffer than MCF10A and MDAMB-231 cells. Upon microtubules disruption, HS68 ﬁbroblast cells lost their stretching behavior inside the etched cavities and adopted a rounded morphology whereas the adhesion behavior and cellecell junctions of MCF10A and MDA-MB-231 cells remained unchanged. Overall, the results of the current study demonstrated that cytoskeletal tension (prestress) and microtubules in HS68 cells, the adhesion strength to the substrate and cellecell junction in MCF10A cells, and deformability and soft cytoskeletal structure in MDA-MB-231 cells, are the dominant factors deﬁning their behavior inside the isotropic microstructure. Therefore, by carefully engineering the geometry of the substrate, it would be possible to differentiate the response of the cells based on their adhesion and stiffness signatures. The 3-D isotropic silicon microstructures have also the potential to investigate the detailed cytoskeletal organization and the mechanism of force balance in different cell types under healthy and diseased conditions and can lead to the development of label-free cell separation and diagnostics platforms based upon the cell biomechanical and cytoskeletal organization signatures. Acknowledgement This Research was supported by National Science Foundation (NSF) Award No. ECCE-IDR 0925945. The Authors would like to thank Dr. Padma Rajagopalan of the Department of Chemical Engineering and Dr. Eva Schmelz of the Department of Human Nutrition, Foods and Exercise at Virginia Tech for their scientiﬁc insights in this work, Dr. Maren Roman of the Department of Wood Science and Forest Products at Virginia Tech for use of the AFM equipment, and the technical staff of MICRON and NCFL laboratories at Virginia Tech for their assistance. Appendix. Supplementary data Supplementary data associated with this article consist of three movies can be found in the online version, at doi:10.1016/j. biomaterials.2010.02.034. Appendix Figures with essential color discrimination. Figs. 1, 2, 4, 6 and 7 in this article are difﬁcult to interpret in black and white. The full color images can be found in the online version, at doi:10.1016/j. biomaterials.2010.02.034. References [1] Mofrad MRK, Kamm RD. Cytoskeletal mechanics: models and measurements. New York: Cambridge University Press; 2006.
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