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33Sculptured thin film (STF) substrates consist of nanocolumns with precise orientation, intercolumnar
34spacing, and optical anisotropy, which can be used as model biomaterial substrates to study the effect
35of homogenous nanotopogrophies on the three-dimensional distribution of adsorbed proteins. General-
36ized ellipsometry was used to discriminate between the distributions of adsorbed FN either on top of or
37within the intercolumnar void spaces of STFs, afforded by the optical properties of these precisely crafted
38substrates. Generalized ellipsometry indicated that STFs with vertical nanocolumns enhanced total FN
39adsorption two-fold relative to flat control substrates and the FN adsorption studies demonstrate differ-
40ent STF characteristics influence the degree of FN immobilization both on top and within intercolumnar
41spaces, with increasing spacing and surface area enhancing total protein adsorption. Mouse fibroblasts or
42mouse mesenchymal stem cells were subsequently cultured on STFs, to investigate the effect of highly
43ordered and defined nanotopographies on cell adhesion, spreading, and proliferation. All STF nanoto-
44pographies investigated in the absence of adsorbed FN were found to significantly enhance cell adhesion
45relative to flat substrates; and the addition of FN to STFs was found to have cell-dependent effects on
46enhancing cell–material interactions. Furthermore, the amount of FN adsorbed to the STFs did not corre-
47late with comparative enhancements of cell–material interactions, suggesting that nanotopography pre-
48dominantly contributes to the biocompatibility of homogenous nanocolumnar surfaces. This is the first
49study to correlate precisely defined nanostructured features with protein distribution and cell–nanoma-
50terial interactions. STFs demonstrate immense potential as biomaterial surfaces for applications in tissue
51engineering, drug delivery, and biosensing.
52� 2015 Published by Elsevier Ltd. on behalf of Acta Materialia Inc.
53

54

55

56 1. Introduction

57 Topographical substrate influences on protein adsorption and
58 adhered cell behavior have been the subject of many investigations
59 beginning with microstructured substrate features, which have
60 been shown to influence protein adsorption, cell attachment,
61 spreading, migration, patterning, proliferation, morphology, and
62 differentiation, presumably by spatially confining adsorbed

63proteins, cell-secreted extracellular matrix proteins and cells
64themselves [1–5]. Recently, materials with nanotopographical fea-
65tures (1–100 nm feature size) have been investigated as cell cul-
66ture substrates for biosensing, tissue engineering scaffolds, and
67therapeutic drug delivery systems; and to gain more understand-
68ing regarding nanoscale protein adsorption and cell–material
69interactions [6–9].
70Nanoscale substrate topography and nanoroughness have been
71shown to influence similar cell behaviors as with microscale rough
72substrates, such as cell adhesion, spreading, morphology, prolif-
73eration, and differentiation in a variety of cell lines [9–15],
74however most of these investigations have been conducted on
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75 nanostructured topographies with disordered or irregular features.
76 For example, indiscriminate distributions of carbon nanotubes
77 have been shown to support protein adsorption [16] and the cul-
78 ture of neural cells [16,17] and osteoblasts [18,19]. Furthermore,
79 nanorough surfaces prepared by sputtering TiO2 and SiO2 have
80 demonstrated improvements in platelet and endothelial cell adhe-
81 sion with respect to unmodified surfaces, which was found to be
82 attributed to both the surface chemistry and nanotopography
83 [20]. However, since these studies evaluated cell behaviors on dis-
84 ordered nanotopographies, the work presented here aims to inves-
85 tigate protein adsorption and cell behaviors using highly ordered
86 coherent arrays of nanostructured columnar substrates with vary-
87 ing nanocolumn spacing/orientation and to determine the precise
88 three-dimensional distribution of proteins either on top of or with-
89 in nanocolumnar features.
90 Advances in substrate fabrication strategies have enabled the
91 engineering of biomaterial surfaces possessing distinct microstruc-
92 tured and nanostructured topographical features [21–24]. Sub-
93 strates consisting of a homogenous nanocolumnar array, referred
94 to as sculptured thin films (STFs), can be produced by many differ-
95 ent methods including, but not limited to, lithography, sputtering,
96 as well as physical and chemical vapor deposition [25–27]. Howev-
97 er, STFs are most commonly fabricated by employing glancing
98 angle deposition (GLAD), a physical vapor deposition technique
99 facilitated by electron beam evaporation. This approach results in

100 STFs that possess intricate and complex architectures ranging in
101 size from the sub-nano to micro- scales depending on the vapor
102 flux angle, substrate rotation, and deposition duration, which affect
103 the column height, slanting angle, and spacing [25,28–30]. The
104 GLAD technique is applicable to a wide range of materials includ-
105 ing metals, semiconductors, insulators, and polymers, resulting in
106 a wide array of nanostructures with significantly different struc-
107 tural, mechanical, electrical, magnetic, optical, and biological prop-
108 erties tailored to suit specific material applications [28,29,31].
109 Preliminary investigations of infiltrating STFs with various organic
110 materials such as bulk polymers [32,33], polymer brushes [34,35],
111 and FN [36] have demonstrated that organic materials can be
112 immobilized within the intercolumnar pore space of STFs to enable
113 these substrates to deliver therapeutic biomolecules for biomateri-
114 al, tissue engineering, and nonviral gene delivery applications.
115 Current industrial applications of GLAD nanostructured thin films
116 include optical coatings for photovoltaics [37–39], sensing
117 (chemical, biological, optical, and pressure) [25], micro- and
118 nano-fluidics [40], nanoelectronics [29,31], and have been
119 explored as biomaterials [41].
120 In addition to the precise control over STF fabrication, the
121 nanocolumnar architecture provided by STFs allows for sensitive
122 optical detection by GE due to the optical anisotropy provided by
123 the nanocolumn orientation of the STFs [28,33,36,42,43]. Recently,
124 investigations of infiltrating STFs with various organic materials
125 such as bulk polymers [32,33], polymer brushes [34,35], and
126 fibronectin (FN) [36] have demonstrated that organic materials
127 can be immobilized within the intercolumnar pore space of STFs.
128 Generalized ellipsometry has been used in conjunction with quartz
129 crystal microbalance with dissipation (GE/QCM-D) to characterize
130 the dynamic adsorption processes of organic molecules to both flat
131 and nanostructured STF substrates [34–36,44–46]. While protein
132 loading has been evaluated extensively on flat surfaces, evaluation
133 of protein adsorption to/within nanostructured thin films is sparse
134 due to the lack of effective methods to evaluate the three-dimen-
135 sional distribution of proteins within nanostructured features.
136 The FN protein adsorption studies described in this paper aim to
137 elucidate the influences of highly ordered nanostructured colum-
138 nar features, such as column orientation, nanocolumn surface

139density (spacing), and total surface area, on FN adsorption and
140loading. FN was chosen for protein adsorption studies since FN is
141a commonly used ECM protein to coat biomaterial substrates for
142the purpose of enhancing cell adhesion and cell–material interac-
143tions [23,47–53]. The present investigation is unique relative to
144previous GE/QCM-D investigations of biomolecule adsorption since
145GE is used here to discriminate between FN adsorption to the top
146of three-dimensional nanostructured columnar substrates and
147the FN loading within the intercolumnar pore spaces of nanostruc-
148tured substrates. Since both surface adsorbed proteins and
149substrate nanotopographies have been previously shown to inde-
150pendently enhance cell behaviors, such as cell adhesion, spreading,
151and proliferation, the current investigation also aims to evaluate
152cell–material interactions and biocompatibility as a function
153dependent on both precisely defined substrate nanotopographies
154and enhanced protein loading within nanostructured surfaces
155[1,40,41,54,55]. These three-dimensional nanostructured STFs
156loaded with FN are hypothesized to be excellent candidates for
157use as biomaterial substrates to load and release biomolecules
158and to enhance cell–substrate interactions for applications in drug
159delivery, tissue engineering, and diagnostics.

1602. Materials and methods

1612.1. Sample preparation

162STFs were fabricated by electron beam evaporation of titanium
163(Ti) pellets (Super Conductor Materials, Inc., Tallman, NY) onto
164either gold-coated quartz crystal microbalance (QCM) sensors
165(Q-Sense Inc., Linthicum Heights, MD) for protein adsorption stud-
166ies or onto silicon wafers (University Wafer, South Boston, MA) for
167cell culture studies. Details regarding specific STF deposition para-
168meters are included in the Supplemental methods Section S1.1.
169Immediately following the fabrication of STFs, generalized ellip-
170sometry (GE) measurements of STFs were acquired using a Wool-
171lam M-2000 spectroscopic ellipsometer (J.A. Woollam, Co., Inc.,
172Lincoln, NE) to confirm deposited film thicknesses and column
173slanting angles. The procedures for acquiring GE measurements
174of STFs to confirm film thickness, column slanting angle, and vol-
175ume fractions (related to column spacing) are similar to previously
176published STF ellipsometric procedures [28,33,36,43] and specific
177details regarding GE data acquisition and modeling are included
178in the Supplemental methods Section S1.2.

1792.2. Combined generalized ellipsometry and dissipative quartz crystal
180microbalance

181The combinatorial GE/QCM-D setup consists of an E1 QCM-D
182(Q-Sense, Inc.) module, mounted to the sample stage of a
183M-2000 spectroscopic ellipsometer (J.A. Woollam Co., Lincoln,
184NE). QCM-D wafers containing either STFs or flat Ti thin films were
185mounted within the QCM-D liquid chamber, which contains win-
186dows for ellipsometer’s light beam to pass through the cell at a
18765� angle of incidence, allowing for dynamic molecular adsorption
188analysis using both instruments simultaneously. Upon acquiring
189baseline GE measurements that are necessary for subsequent mod-
190eling of spectral data, 1� phosphate buffered saline (PBS) (Life
191Technologies, Carlsbad, CA) solution was introduced into the liquid
192chamber at a constant rate of 0.1 mL/min using an Ismatec IPC 8
193peristaltic pump (IDEX Health and Science GmbH, Wertheim-
194Mondfeld, Germany) and Tygon tubing (U.S. Plastic Corp., Lima,
195OH) connected to the liquid chamber. Then, 10 lg/mL human plas-
196ma FN (Sigma–Aldrich, St. Louis, MO) flowed through the liquid
197chamber for 90 min. Following FN adsorption, 1� PBS was used
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