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 Fabrication of Multifaceted Micropatterned Surfaces 
with Laser Scanning Lithography 
The implementation of engineered surfaces presenting micrometer-sized pat-
terns of cell adhesive ligands against a biologically inert background has led 
to numerous discoveries in fundamental cell biology. While existing surface 
patterning strategies allow patterning of a single ligand, it is still challenging 
to fabricate surfaces displaying multiple patterned ligands. To address 
this issue we implemented laser scanning lithography (LSL), a laser-based 
thermal desorption technique, to fabricate multifaceted, micropatterned sur-
faces that display independent arrays of subcellular-sized patterns of multiple 
adhesive ligands with each ligand confi ned to its own array. We demonstrate 
that LSL is a highly versatile “maskless” surface patterning strategy that pro-
vides the ability to create patterns with features ranging from 460 nm to 
100  μ m, topography ranging from  − 1 to 17 nm, and to fabricate both stepwise 
and smooth ligand surface density gradients. As validation for their use in cell 
studies, surfaces presenting orthogonally interwoven arrays of 1  μ m  ×  8  μ m 
elliptical patterns of Gly-Arg-Gly-Asp-terminated alkanethiol self-assembled 
monolayers and human plasma fi bronectin are produced. Human umbilical 
vein endothelial cells cultured on these multifaceted surfaces form adhe-
sion sites to both ligands simultaneously and utilize both ligands for lamella 
formation during migration. The ability to create multifaceted, patterned sur-
faces with tight control over pattern size, spacing, and topography provides 
a platform to simultaneously investigate the complex interactions of extracel-
lular matrix geometry, biochemistry, and topography on cell adhesion and 
downstream cell behavior.
  1. Introduction 

 Surfaces displaying patterned arrays of an immobilized biomol-
ecule against an inert background show much promise for use 
as model substrates to investigate cell–surface interactions [  1  ,  2  ]  
and as platforms for biosensors. [  2  ]  Self-assembled monolayers 
(SAMs) of alkanethiols on gold (Au) are often implemented 
in the fabrication of patterned surfaces due to the high tailor-
ability of the terminal group functionality. A diverse range of 
biomolecules including oligonucleotides, [  3  ]  peptides, [  4  ]  and full 
proteins [  5  ]  have been immobilized with alkanethiol SAMs either 
through directed adsorption [  5  ]  or terminal end tethering using 
specifi c coupling chemistries. [  6  ]  Implementation of patterned 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhewileyonlinelibrary.com
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SAM surfaces that restrict the extent of 
cell spreading or that regulate cytoskeletal 
tension has led to a number of discov-
eries including the ability to prevent down 
regulation of cell function in culture, [  7  ]  to 
direct lineage-specifi c stem cell differentia-
tion, [  8  ,  9  ]  and to manipulate cell motility. [  10  ]  
An analogous approach to regulate the 
extent of cytoskeletal tension generation 
is through engineering cell adhesion site 
geometry with respect to adhesion site 
shape, size, or spacing. Geometric regu-
lation of adhesion sites has been used to 
induce directional cell motility, [  11  ,  12  ]  to 
direct the organization of intracellular 
components, [  13  ]  and to induce cellular dif-
ferentiation. [  14  ]  These examples demon-
strate the importance of intracellular force 
generation on cell function but neglect the 
infl uence of chemical cues (matrix compo-
sition) on cell behavior. 

 The extracellular matrix (ECM) is made 
up of many proteins and polysaccha-
rides [  15  ]  and integrin-mediated adhesion 
to individual components can infl uence 
intracellular signaling cascades governed 
by adhesion site plaques that dictate cell 
behavior. [  16  ]  For example, capillary mor-
phogenesis of endothelial cells is observed 
in cells cultured on collagen I but not in 
cells on laminin, indicating matrix-specifi c guidance of cell 
behavior. [  17  ]  A better understanding of how ECM composition 
infl uences cell fate could be formed with model substrates 
that allow control over both intracellular force generation and 
the composition of cellular adhesions through use of multiple 
ligands. While it is fairly straightforward to create surfaces 
displaying patterned arrays of a single ligand using existing 
technologies (e.g., microcontact printing), the fabrication of 
multifaceted surfaces that present patterned arrays of multiple 
ligands with each ligand confi ned to its own array is still quite 
challenging. 

 Toward this goal, a few strategies to create multifaceted sur-
faces have been developed. Variations of microcontact printing 
including microfl uidic inking of PDMS stamps and multilevel 
stamps have been used to pattern multiple proteins on a single 
surface [  18–20  ]  or for patterning cells. [  19  ,  20  ]  Microcontact printing 
of Arg-Gly-Asp-terminated (RGD) SAMs containing electro-
active moieties provided a method for cell patterning through 
site-selective alkanethiol release via an applied potential. [  21  ]  
im Adv. Funct. Mater. 2011, 21, 2876–2888
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    Figure  1 .      Schematic of the LSL Process to Create Multifaceted Patterned 
Surfaces.  A) A Au-coated glass coverslip is functionalized with an OEG-
terminated alkanethiol. Desired regions of the OEG SAM are thermally 
desorbed from the surface with a 532 nm laser. The patterned bare Au 
regions are exposed to a second alkanethiol. Successive cycles of the 
process allow patterning of multiple SAMs or biomolecules in close 
proximity. B–D) A multifaceted surface created with LSL displaying inde-
pendent arrays of two cell adhesive ligands, B) GRGDS and C) HFN. 
B) An OEG SAM was formed on a Au surface and an array of 1  μ m  ×  8  μ m 
ellipses of the OEG was thermally desorbed with a 532 nm laser. The 
bare Au patterned regions were functionalized with a GRGDS-terminated 
alkanethiol and fl uorescently labeled. C) A second round of patterning, 
orthogonal to the GRGDS patterns, was performed and exposed to fl uo-
rescently labeled HFN. D) The multifaceted surface displays independent 
arrays of GRGDS (red horizontal patterns) and HFN (blue vertical pat-
terns) against a passive background. B–D) SB  =  20  μ m.  
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Light-based techniques that rely on photochemical reactions 
have also been developed. [  22  ,  23  ]  Alignment of three distinct 
alkanethiol SAMs was achieved using alkanethiols sensitive to 
specifi c wavelengths of light in which Au-S scission occurred 
at 220 nm and cleavage of an o-nitrobenzyl amine-protecting 
group at 365 nm. [  22  ]  Light-activated affi nity micropatterning was 
implemented to reveal a caged biotin upon exposure to ultra-
violet light, thereby allowing immobilization of bio tinylated 
antibodies in patterned arrays. [  23  ]  While all of the aforemen-
tioned patterning strategies allow high resolution patterning, [  24  ]  
they have not been implemented to create multi faceted surfaces 
that display sub-cellular sized arrays of multi ple ligands in close 
proximity due to various limitations associated with each tech-
nique. Furthermore, all of these techniques require the fabrica-
tion of photolithographic masters to mold a PDMS stamp or 
to act as a photomask for spatially defi ned photo chemical pat-
terning. Any change in pattern design requires fabrication of a 
new master. 

 To circumvent the need for clean room facilities and to pro-
vide fl exibility in pattern design with little lead time, a few 
maskless patterning strategies have been developed to create 
multifaceted surfaces. Dip-pen nanolithography was used to 
write multiple thiol derivatized oligonucleotides on Au surfaces 
for the fabrication of DNA sensors. [  25  ]  Doyle et al. developed 
microphotopatterning, a technique based on photolytic ablation 
of poly(vinyl alcohol) tethered from silane SAMs to create sur-
faces displaying multiple patterned proteins. [  10  ]  Although the 
ability to create multifaceted surfaces was demonstrated, no cell 
data using these surfaces has been presented. [  10  ]  

 Here, we describe the implementation of laser scanning 
lithography (LSL) for the fabrication of multifaceted surfaces 
that present two distinct cell adhesive ligands in patterned 
arrays against a biologically inert background. Laser induced 
thermal desorption of an alkanethiol SAM was fi rst introduced 
in 1993 for the fabrication of mixed thiol SAMs. [  26  ]  Since then it 
has been refi ned and used to fabricate surfaces presenting two 
alkanethiol SAMs with different wettabilities, [  27  ,  28  ]  to pattern 
chemical gradients of two SAMs, [  29  ]  and to pattern three dif-
ferent SAMs in close proximity on a single surface. [  30  ]  In gen-
eral, the technique involves functionalizing a Au surface with 
an alkanethiol SAM of choice. A focused laser beam is used to 
remove desired patterns of the SAM through thermally induced 
alkanethiol desorption. The laser energy absorbed by the Au 
fi lm is released as heat thereby inducing a highly localized 
increase in surface temperature. At 212  ° C, the SAM is des-
orbed from the surface via disulfi de bond formation between 
adjacent thiols [  27  ]  and the bare Au patterns are backfi lled with 
a second alkanethiol of choice. Successive cycles of the process 
can be used to pattern multiple alkanethiol SAMs in close prox-
imity with high spatial resolution on a single surface. 

 Here, we demonstrate the use of LSL to created multifaceted, 
patterned surfaces that display arrays of subcellular-sized pat-
terns of two cell adhesive ligands; human plasma fi bronectin 
(HFN) and the integrin ligating peptide RGD derived from FN. 
We show that thermally-induced alkanethiol SAM desorption 
occurs through Au-S scission, pattern size can be fi nely tuned 
through careful manipulation of the laser and substrate proper-
ties, patterns with controlled nanotopography can be created, 
patterns as small as 460 nm (0.17  μ m 2 ) can be created, and 
© 2011 WILEY-VCH Verlag GAdv. Funct. Mater. 2011, 21, 2876–2888
sub-diffraction limited patterning is possible. Furthermore we 
demonstrate that cells cultured on multifaceted surfaces dis-
playing interwoven patterns of a GRGD-terminated SAM and 
HFN bind concurrently to the two adhesive ligands and utilize 
both patterned ligands during migration.   

 2. Results and Discussion 

  2.1. Fabrication of Multifaceted Surfaces with LSL 

 The LSL fabrication process is schematically outlined in 
 Figure    1  A. A Au-coated glass coverslip is functionalized with 
an alkanethiol of choice to create the fi rst SAM. A 532 nm laser 
is focused on the Au surface through a 20 ×  (NA0.8) air or 63 ×  
(NA1.4) oil immersion objective and raster scanned in desired 
regions of interest (ROIs) to thermally desorb patterns of the 
fi rst SAM in a N 2 -rich atmosphere. A second SAM is formed on 
the bare Au patterned regions. Successive cycles of this process 
allow the fabrication of multifaceted surfaces: surfaces that dis-
play multiple chemical functionalities with each functionality 
confi ned to its own patterned array.  
mbH & Co. KGaA, Weinheim 2877wileyonlinelibrary.com
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 A multifaceted surface displaying two patterned cell adhesive 
ligands against a biologically inert background is displayed in 
Figure  1 D. A Au surface was functionalized with a 2 mM eth-
anolic solution of HS(CH 2 ) 15 CONHCH 2 CH 2 (OCH 2 CH 2 ) 5 OH 
(OEG) for 1 h to create a protein repulsive and biologically inert 
background. An array of 1  μ m  ×  8  μ m ellipses of the OEG SAM 
was thermally desorbed with a 532 nm laser focused through a 
20 ×  (NA0.8) objective operating at a fl uence of 12.80 nJ  μ m  − 2 . 
The resulting bare Au patterns were functionalized with a 2 m M  
ethanolic solution of HS(CH 2 ) 15 CONHCH 2 CH 2 (OCH 2 CH 2 ) 11 -
GRGDS (GRGDS) for 1 h and the peptide fl uorescently labeled 
(Figure  1 B). A second set of ROIs, orthogonal to the fi rst, of the 
OEG SAM was desorbed and the patterns exposed to fl uores-
cently labeled HFN (12.5  μ g mL  − 1  in PBS for 30 min at 37  ° C) 
(Figure  1 C). The multifaceted surface presents two distinct cell 
adhesive ligands (full length HFN (Figure  1 C) and the peptide 
sequence RGD derived from the FN-III10 domain (Figure  1 B)) 
in defi ned patterned arrays with each ligand confi ned to its own 
array against a biologically inert background (Figure  1 D). While 
both HFN and RGD support the formation of cellular adhesion 
sites, HFN contains additional integrin ligating domains and 
can undergo fi brillogenesis. Cell studies with multifaceted sur-
faces that display these two patterned ligands allow the simul-
taneous investigation of the infl uences of biophysical (ECM 
geometry) and biochemical cues (integrin ligation) on cell 
behavior. Although cell adhesive ligands were patterned in this 
study, the LSL fabrication process allows patterning of multiple 
biomolecules of choice either through conjugation to or teth-
ering from alkanethiol SAMs or through adsorption to bare Au 
or alkanethiol functionalized patterns.   

 2.2. Design Rationale and Verifi cation of Selective SAM 
Desorption 

 Previous studies using laser-assisted thermal desorption of 
alkanethiol SAMs implemented a continuous-wave 488 nm 
laser to pattern 30 nm Au fi lms [  27  ,  29  ,  31  ]  or a pulsed 532 nm laser 
to pattern 300 nm Au fi lms. [  28  ,  30  ]  In this study, thin ( ≤ 10 nm) 
Au fi lms were patterned with a continuous-wave 532 nm laser 
for two reasons: i) thin ( ≤ 20 nm) Au fi lms are optically semi-
transparent allowing fl uorescent microscopy to be imple-
    Figure  2 .      Verifi cation of Alkanethiol Desorption.  A 4  ×  4 array of star-shaped patterns with a char-
acteristic length of 100  μ m was used to thermally desorb an OEG SAM with a 532 nm laser. The 
patterned surface was imaged via map scanning XPS. The C 1s , O 1s , and S 2p  spectra were attained 
to monitor the removal of the alkyl chain, OEG terminal group, and thiol head group respectively. 
Absence of signal in the patterned regions in the S 2p  spectra indicates thermally induced desorp-
tion of the OEG SAM through Au-S scission. The background gradient is due to spherical aberra-
tion from the X-ray positioning system. SB  =  100  μ m.  

C1s O1s S2p
mented for pattern characterization 
and microscopic evaluation of cells and 
ii) so that low laser energy (short irradia-
tion time) could be used for patterning. 
Thin ( < 15 nm) Au fi lms display a peak 
in their extinction spectra dominated by 
high absorption from 520–560 nm [  32  ,  33  ]  
that coincides with the formation of sur-
face plasmons [  33  ]  that decay as heat. Au 
fi lms display a minimum in their extinc-
tion spectra from 460–500 nm. [  32  ,  33  ]  As 
a consequence, the absorption of Au 
fi lms can be  ∼ 2 ×  higher at 532 nm com-
pared to 488 nm. [  32  ]  Au fi lms also exhibit 
decreased in-plane thermal conductivity 
with decreased fi lm thickness. [  34  ]  The con-
ductivity can diminish by a factor of  ∼ 2 ×  
© 2011 WILEY-VCH Verlag wileyonlinelibrary.com
when the thickness decreases from 30 to 6 nm as a result of 
changes in grain morphology. [  34  ]  Laser-induced thermal desorp-
tion of SAMs occurs when the energy of the light adsorbed by 
the Au fi lm is released as heat resulting in a highly localized 
increase in surface temperature in the irradiated region. [  27  ,  35  ]  
Approximately 50% of the SAM is removed at a surface tem-
perature of 160  ° C [  36  ]  with complete desorption occurring at 
210–212  ° C. [  27  ,  36  ]  Since LSL is a thermal-based process one 
would anticipate more effi cient patterning (heat generation) 
to occur at a wavelength with higher absorption (532 nm com-
pared to 488 nm) and when thinner Au fi lms with decreased 
thermal conductivity are employed. For comparison, Iversen 
et al. implemented a continuous-wave 488 nm laser operating at 
6 mW (42 mW  μ m  − 2  as calculated from  Eq. 2 ) focused through 
a 100 ×  (NA1.4) objective with irradiation times of 60–210 s to 
pattern 30 nm Au substrates. [  31  ]  In the work presented here, 
patterning of 10 nm Au fi lms was achieved with a 532 nm laser 
operating at 3.5 mW ( ∼ 21 mW  μ m  − 2 ) focused through a 63 ×  
(NA1.4) objective with an exposure time as low as 0.95  μ sec; 
the highest exposure time was 63.9 msec when operating with 
a pixel dwell time of 6.39  μ sec and 10 000 iterations per ROI. 
This comparison suggests that patterning at wavelengths that 
lie in the high absorption regime combined with the use of 
ultrathin Au fi lms that have higher thermal resistivity allows 
more effi cient patterning. The increased effi ciency allows pat-
terning at lower laser fl uence (highly reduced exposure time) 
making the process drastically faster. 

 Laser-assisted thermally-induced SAM desorption from Au 
surfaces has been confi rmed by secondary ion mass spectro-
scopy, [  29  ]  cyclic voltammetry, [  30  ]  condensation, [  27–29  ]  scanning 
electron microscopy, [  27  ,  30  ,  31  ,  35  ]  fl uorescence, [  28  ]  and atomic [  31  ]  or 
lateral force microscopies. [  28  ]  In this study, surface mapping 
X-ray photoelectron spectroscopy (XPS) was implemented to 
verify laser-induced thermal desorption of an OEG SAM in the 
patterned ROIs through analysis of the C 1s , O 1s , and S 2p  spectra 
to monitor the presence of the alkyl chain, oligo(ethylene 
glycol) terminal group, and thiol head group respectively. A 4  ×  
4 array of star-shaped ROIs with a characteristic length of 
100  μ m was used to thermally desorb an OEG SAM. The C 1s , 
O 1s , and S 2p  spectra were mapped using a 9  μ m X-ray spot size. 
 Figure    2   demonstrates that the C 1s , O 1s , and S 2p  signal intensi-
ties of the OEG SAM were void in the star-shaped patterned 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 2876–2888
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    Figure  3 .      Infl uence of Laser Fluence and Iterations on Pattern Size.  10 nm Au fi lms were func-
tionalized with an OEG-terminated alkanethiol and arrays of 1  ×  20 pixel ROIs of the SAM were 
thermally desorbed with a 532 nm laser focused through a 20 ×  (NA0.8) objective with varying 
laser fl uence (12.8–50.8 nJ  μ m  − 2 ) and number of iterations (125–10 000) per ROI. The pat-
terned surfaces were exposed to HFN, the HFN patterns mathematically fi t with ellipses, and 
the (A,B) minor axis and (C,D) area measured for each set of patterning conditions. The (A) 
minor axis and (C) area displayed a linear increase with increased laser fl uence at a constant 
number of iterations (1000) per ROI. The (B) minor axis and (D) pattern area increased with 
increased iterations at a constant fl uence (50.8 nJ  μ m  − 2 ) that plateaued at  ∼ 5000 iterations.  

BA

DC

MinorArea
regions while the surrounding OEG back-
ground maintained high signal intensities in 
all spectra. The results confi rm site specifi c 
thermal desorption of the alkanethiol SAM 
upon localized heating. The absence of signal 
in the patterned regions in the S 2p  spectra 
indicates SAM desorption through Au-S scis-
sion. [  22  ,  27  ]  Au-S scission is a crucial step in 
providing clean Au patterns that allow fur-
ther functionalization when exposed to sub-
sequent SAMs. If thiol residues remain on 
the surface, further functionalization steps 
could be inhibited.    

 2.3. Controlling Pattern Feature Size 

 LSL is a thermal-based desorption tech-
nique that relies on localized heating. Due 
to the thermal nature of the process the pat-
tern feature size can be tuned by refi ning 
the: i) amount of energy delivered to the Au 
fi lm, ii) wavelength used for patterning, iii) 
beam waist of the focused laser, iv) numerical 
aperture of the objective, v) optical proper-
ties (absorption) of the Au fi lm, vi) thermal 
properties (conductivity) of the Au fi lm, and 
vii) activation energy needed for SAM desorp-
tion. In these studies, the infl uences of laser 
fl uence, number of passes per ROI, Au fi lm 
thickness (conductivity), and objective NA on 

pattern size were systematically investigated. Tight control over pat-
tern feature size and the ability to create nano- to micro meter-sized 
patterns is demonstrated through fi ne tuning of these parameters.  

 2.3.1. Infl uence of Laser Patterning Parameters 
(Fluence and Iterations) on Pattern Feature Size 

 To gain a better understanding of the relationship between the 
amount of energy delivered to the Au fi lm and the resulting 
pattern size, arrays of 1  ×  20 pixel ROIs of an OEG SAM 
were desorbed with systematic variations in the laser fl uence 
and number of iterations per ROI ( Figure    3  ). 10 nm Au fi lms 
were functionalized with OEG, 1  ×  20 pixel ROIs of the OEG 
SAM were thermally desorbed, the surfaces exposed to HFN 
(12.5  μ g mL  − 1  in PBS for 30 min at 37  ° C), the HFN fl uores-
cently labeled, the resulting patterns imaged via fl uorescent 
microscopy, and the patterned regions mathematically fi t with 
ellipses to characterize the minor axis and area of the patterns 
for each condition. 1 pixel wide ROIs were implemented so 
that the minor axis of the ellipses, which corresponds to the 
Airy Disk of the focused laser beam, was indicative of the 
minimum feature size achievable. Noticeable increases in pat-
tern size were only observed in the minor axis (1 pixel wide, 
perpendicular to scanning direction) and not the major axis 
(20 pixels long, parallel to scanning direction). Deviation in the 
size of the major axis was large enough to shield any elongation 
in pattern length induced by changing the laser parameters 
therefore linear increases in both the minor axis and pattern 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 2876–2888
area with increased laser fl uence were observed (Figure  3 A, C). 
The minor axis linearly increased with increased laser fl uence 
at a constant number of iterations (Figure  3 A) as reported 
by others. [  27  ,  31  ,  35  ]  When patterning over a fl uence range of 
12.80–50.80 nJ  μ m  − 2  with a constant 1000 iterations per ROI, 
the minor axis increased from 2.19  ±  0.26 to 3.03  ±  0.18  μ m 
(Figure  3 A). The pattern area displayed the same trend and 
increased from 14.04  ±  2.37 to 20.34  ±  1.52  μ m 2  (Figure  3 C).  

 The infl uence of repeated passes on feature size was 
also investigated and a sigmoidal relationship was observed 
(Figure  3 B,D). The minor axis of the elliptical patterns 
increased from 2.45  ±  0.23  μ m at 125 iterations that began to 
plateau at  ∼ 5000 iterations at 3.60  ±  0.22  μ m when patterning 
with a constant fl uence of 50.8 nJ  μ m  − 2  (Figure  3 B). The area 
of the elliptical patterns followed the same trend and increased 
from 15.29  ±  1.76 to 25.13  ±  1.73  μ m 2  over the same range of 
iterations (Figure  3 D). As more energy was delivered to the Au 
fi lm by increasing the fl uence or number of passes, more heat 
was generated. With highly conductive fi lms, this resulted in 
enlarging of the spatial region that reached the crucial tempera-
ture (212  ° C) for thermally-induced SAM desorption resulting 
in larger patterns.   

 2.3.2. Au Film Thickness (Conductivity) Infl uence on Pattern 
Feature Size 

 The in-plane thermal conductivity of thin Au fi lms is a func-
tion of fi lm thickness, and the conductivity can more than 
bH & Co. KGaA, Weinheim 2879wileyonlinelibrary.com
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double when the fi lm thickness increases from 6 to 30 nm as a 
consequence of changes in fi lm morphology and structure. [  34  ]  
Since LSL relies on localized heating, the infl uence of Au fi lm 
thickness was investigated as a means to control pattern size. 
Given that the thermal conductivity decreases in thinner Au 
fi lms, one would expect smaller patterns to be formed due 
to increased heat confi nement to the irradiated region. Addi-
tionally, since thinner fi lms have higher thermal resistivity, 
the local surface temperature should increase more rapidly 
allowing patterning at lower laser energy. To test this idea, 1  ×  
20 pixel ROIs were patterned on 6, 8, and 10 nm Au fi lms 
with systematic variations in the laser fl uence and number of 
iterations per ROI and the resulting patterns characterized as 
described in Section 2.3.1. Three-dimensional graphs of the 
pattern minor axis ( Figure    4  A-C) and area (Figure  4 D-F) as a 
function of laser fl uence and number of iterations were cre-
ated. The same trends of increased pattern size with increased 
fl uence at a constant number of iterations and vice versa were 
observed as discussed in Section 2.3.1. A trend of increased 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com

    Figure  4 .      Tuning Pattern Size by Varying Laser Fluence, Iterations, and Au F
and (D–F) area as a function of laser fl uence and number of iterations pe
8, and (right column) 6 nm thick Au fi lms. Au fi lms with the indicated thic
of 1  ×  20 pixel ROIs of the OEG SAM were thermally desorbed from the su
varying laser fl uence (12.8–50.8 nJ  μ m  − 2 ) and number of iterations (125-10
were measured for each set of patterning conditions. Pattern enlarging was 
and number of iterations. As the thermal conductivity of the Au fi lm was de
reduced. Due to the thermal nature of the LSL process, pattern size can be
and the substrate thermal properties.  
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feature size with increased Au fi lm thickness was also observed 
(Figure  4 ). As expected with a thermal process, the largest fea-
tures (2.13, 3.06, and 3.60  μ m for the 6, 8, and 10 nm sur-
faces respectively) were formed when the most energy was 
delivered to the Au, i.e., at the highest fl uence (50.80 nJ  μ m  − 2 ) 
and number of iterations (10 000) (Figure  4 A-C). Conversely, 
the smallest features (1.33, 1.38, and 1.48  μ m for the 6, 8, 
and 10 nm surfaces respectively) were created at the lowest 
fl uence (12.8 nJ  μ m  − 2 ) and least number of iterations (125) 
(Figure  4  A-C). It should be noted that a minimum fl uence of 
 ∼ 10–12 nJ  μ m  − 2  was needed to thermally desorb some of the 
OEG SAM when operating at a low number of iterations (1 or 
10) using 10 nm Au fi lms. 10 nm Au fi lms displayed the highest 
fl exibility in pattern size as a function of the patterning para-
meters (Figure  4 A,D) followed by the 8 nm (Figure  4 B,E) and 
then the 6 nm (Figure  4 C,F) Au fi lms. These results indicate 
that the thickness of the Au fi lm plays a signifi cant role in con-
trolling pattern feature size which most likely emanates from 
differences in the thermal conductivity of the Au fi lms. The 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 2876–2888

ilm Thickness.  3D plots displaying the measured pattern (A–C) minor axis 
r ROI for elliptical patterns created on (left column) 10, (middle column) 
kness were functionalized with an OEG-terminated alkanethiol and arrays 
rface with a 532 nm laser focused through a 20 ×  (NA 0.8) objective with 

 000) per ROI. The (A–C) minor axis and (D–F) area of the HFN patterns 
observed on all of the Au fi lms as a function of both increased laser fl uence 
creased by reducing the fi lm thickness, the extent of pattern enlarging was 
 fi nely tuned through optimization of the energy input into the substrate 
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ability to generate a large range of pattern sizes by increasing 
the amount of energy delivered to the fi lm was suppressed on 
6 nm fi lms (Figure  4 C,F). Due to the high thermal resistivity of 
these surfaces, delivery of increased energy resulted in melting 
of the Au layer and the formation of topographical features 
rather than spreading of the heat and pattern enlarging as 
observed on 8 and 10 nm Au substrates.    

 2.3.3. Patterns with Controlled Topography 

 Cells possess the ability to sense and respond to the topo-
graphy of the underlying substrate and surfaces with varying 
levels of nano topography have been implemented to induce 
changes in cell function. [  37  ]  We tested the ability to precisely 
modulate the extent of topography created in the patterned 
regions by tuning the laser and Au fi lm parameters used for 
LSL patterning. Two distinct mechanisms of thermally-induced 
alkanethiol SAM desorption from Au surfaces have been dem-
onstrated and are termed non-specifi c and chemically-specifi c 
patterning. [  31  ]  Non-specifi c patterning occurs when thin layers 
of the Au fi lm are vaporized from the surface in the region 
of the focused laser beam. This mode of patterning removes 
the Au and SAM concurrently, resulting in 1–11 nm inden-
tations in the irradiated, patterned regions depending on the 
laser energy delivered to the fi lm. [  31  ]  Chemically-specifi c pat-
terning occurs in the absence of Au fi lm vaporization where 
only the SAM is desorbed, resulting in topography-free, purely 
chemical patterns. [  31  ]  These two modes of patterning are sur-
face temperature dependent where chemically-specifi c pat-
terning occurs at low laser energy (low surface temperature, 
212  ° C) while non-specifi c patterning occurs at higher energy 
(high surface temperatures, 1064  ° C). [  31  ]  The work presented 
here adds a third mode of laser induced thermal patterning 
we have termed “topographical patterning” in which ultrathin 
(6 nm) Au surfaces undergo hydrodynamic melting rather 
than vaporization, resulting in patterns with raised topography 
of controlled height on the nanometer scale. 

 Two modes of laser-induced thermal ablation of thin Au 
fi lms have been described, vaporization and hydrodynamic 
ablation. [  38  ]  During vaporization, thin layers of the Au fi lm are 
evaporated from the surface resulting in indentations in the 
irradiated regions. In hydrodynamic ablation, the Au melts, 
coalesces to form ridges, and is eventually ejected from the 
surface as droplets upon reaching a crucial size resulting in the 
formation of raised topographical features. [  38  ,  39  ]  Figure  4 C,F 
demonstrates that patterns created on 6 nm Au surfaces do not 
enlarge as drastically with increased energy input as patterns 
created on thicker 8 (Figure  4 B,E) and 10 nm (Figure  4 A,D) 
Au fi lms. To gain insight into this occurrence we exam-
ined the topography of patterned surfaces using white light 
interferometry. 

 While both chemically-specifi c and non-specifi c patterning 
were observed on 6 and 10 nm thick Au fi lms ( Figure    5  ), a 
third regime of patterning that resulted in raised topographical 
features was observed only on 6 nm Au fi lms (Figure  5  A–C). 
Patterns created with the highest fl uence (50.8 nJ  μ m  − 2 ) and 
number of iterations (10 000) displayed  ∼ 1 nm dips on 10 nm Au 
fi lms (Figure  5 D). As the energy delivered to the fi lm was steadily 
decreased by lowering the fl uence and number of iterations, the 
© 2011 WILEY-VCH Verlag GAdv. Funct. Mater. 2011, 21, 2876–2888
dips reduced to  < 0.5 nm, indicating a shift from non-specifi c 
to chemically-specifi c patterning (Figure  5  D–F). A similar 
occurrence was observed on 6 nm Au fi lms where  ∼ 0.5 nm 
dips were measured in patterns created with an interme-
diate fl uence (25.4 nJ  μ m  − 2 ) and 1 iteration (Figure  5 B) while 
fl at regions were observed at lower fl uence (12.8 nJ  μ m  − 2 ) 
and  ≤ 10 iterations (Figure  5 C). Above these energy thresholds a 
third mode of patterning was observed in which the irradiated 
regions of the Au underwent hydrodynamic melting instead of 
vaporization. Topographical patterning occurred on 6 nm fi lms 
when  ≥ 10 iterations were used at fl uences of 50.8 (Figure  5 A) 
or 25.4 nJ  μ m  − 2  (Figure  5 B) or when  ≥ 100 iterations were 
implemented at 12.8 nJ  μ m  − 2  (Figure  5 C). Figure  5 A–C shows 
that the extent of the topography in the patterned regions 
can be tuned by controlling the amount of energy delivered 
to the fi lm. When patterning with a fl uence of 50.8 nJ  μ m  − 2 , 
the topography decreased from  ∼ 17 nm at 10 000 iterations 
to –0.5 nm at 1 iteration (Figure  5 A). The same trend was 
observed in Figure  5 B,C where increased energy input resulted 
in increased surface topography.    

 2.3.4. Nano- and Sub-Diffraction Limited 
Patterning with LSL 

 Cells adhere to ECM proteins through integrin-mediated adhe-
sions [  40  ]  that mature from small ( < 0.25  μ m 2 ) nascent adhesions 
to larger ( > 1  μ m 2 ) focal adhesions. [  41–43  ]  Each stage of matura-
tion involves inclusion of various intracellular signaling motifs 
that govern many aspects of cell behavior. [  44  ]  Direct control 
over adhesion site size using surfaces presenting micro- [  14  ]  or 
nanopatterns [  45  ]  of adhesive ligands has been implemented to 
infl uence cytoskeleton formation, [  14  ]  spreading, [  45  ]  and prolif-
eration. [  45  ]  In order to manipulate intracellular signaling cas-
cades regulated by adhesion sites, it would be advantageous to 
gain control over adhesion maturation by limiting adhesion site 
growth. The feasibility of using LSL to create patterns in this 
size regime was tested. 

 The size of the patterns created with LSL can be minimized 
by using: i) a high NA objective, ii) low laser fl uence and few 
iterations to minimize heat generation, and iii) thin Au fi lms 
with decreased thermal conductivity to prevent lateral spreading 
of the generated heat and subsequent pattern enlarging. 1  ×  1 
(smaller circular patterns in  Figure    6  A,B) and 1  ×  3 (larger oval 
patterns in Figure  6 A,B) pixel ROIs of HFN were patterned on 
a 10 nm Au fi lm with a 532 nm laser operating at a fl uence 
of 33.38 nJ  μ m  − 2  focused through a 63 ×  (NA 1.4) oil immer-
sion objective with varying iterations per ROI. The sigmoidal 
relationship between pattern size and the number of iterations 
as described in Section 2.3.1 was observed (Figure  6 C,D). The 
diameter of the small circular patterns increased from 460  ±  
100 nm (0.17  ±  0.07  μ m 2 ) at 100 iterations to 1.07  ±  0.03  μ m 
(0.90  ±  0.05  μ m 2 ) at 10 000 iterations. The minimum feature 
size (460 nm) correlates well with the dia meter of the Airy Disk 
(464 nm).  

 Since laser-assisted SAM desorption is a photothermal 
process rather than a photochemical process, we hypothesized 
that sub-diffraction limited patterns could be created through 
minimization of the laser fl uence and substrate conductivity. 
Shadnam et al. created a model based on experimental data 
mbH & Co. KGaA, Weinheim 2881wileyonlinelibrary.com
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    Figure  5 .      Patterning with Controlled Topography.  6 and 10 nm thick Au fi lms were functionalized with an OEG-terminated alkanethiol and arrays of 1  ×  
20 pixel ROIs of the OEG SAM were thermally desorbed with a 532 nm laser focused through a 20 ×  (NA0.8) objective with varying laser fl uence (50.8–
12.8 nJ  μ m  − 2 ) and number of iterations (10 000–1) per ROI. Surface topography maps of patterned (A–C) 6 nm and (D–F) 10 nm Au fi lms were created 
with white light interferometry. Height traces of the surface topography were acquired as depicted by the dashed white lines. Raised topographical 
patterning occurred only on 6 nm thick Au fi lms ( ≥ 10 iterations at (A) 50.8 or (B) 25.4 nJ  μ m  − 2  and  ≥ 100 iterations at (C) 12.8 nJ  μ m  − 2 ) and the extent 
of the topography increased with increased fl uence and number of iterations from nearly fl at at low laser energy and/or low number of iterations to 
 ∼ 17 nm at high laser energy and/or increased iterations. D–F) The higher thermal conductivity of the 10 nm Au fi lms prevented hydrodynamic melting 
of the Au and only vaporization or chemically-specifi c patterning occurred. Vaporization of the Au in the patterned regions on 10 nm fi lms resulted in 
0.5–1.0 nm indentations (black arrows in the height traces as indicated in (D–F). The pattern depth decreased with decreased laser energy and/or fewer 
iterations. The data demonstrates that LSL allows fabrication of micropatterns with controlled topography on the nanometer length scale.  
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to gain insight into the relationships between the light inten-
sity profi le, surface temperature profi le, and extent of SAM 
desorption. [  35  ]  In their setup, the surface area that exceeded a 
© 2011 WILEY-VCH Verlag 82 wileyonlinelibrary.com
temperature of 212  ° C was always larger than the laser beam 
waist. [  35  ]  Since the temperature profi le in the Au fi lm follows 
a Gaussian distribution where size is determined by the Airy 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 2876–2888
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    Figure  6 .      Nanopattern Fabrication with LSL.  10 nm Au fi lms were functionalized with an OEG-
terminated alkanethiol and a mixed array of 1  ×  1 and 1  ×  3 pixel ROIs was used to thermally 
desorb the OEG SAM with a 532 nm laser focused through a 6 ×  (NA 1.4) oil immersion 
objective (33.38 nJ  μ m  − 2 ) with iterations varying from 125 –10 000 per ROI. The surfaces 
were exposed to HFN, the HFN labeled, and the surfaces imaged. Fluorescently labeled HFN 
adsorbed to the patterned array created with A) 125 iterations or B) 10 000 iterations per ROI. 
The C) diameter and D) area of the circular patterns increased with increased iterations due to 
spreading of the heat through the Au fi lms. A,C) Patterns as small as 460 nm (0.17  μ m 2 ) were 
created using LSL. SB  =  5  μ m.  

B
BA

DC
Disk, laser intensity, scan speed, and thermal conductivity of 
the fi lm, it should be possible to use low fl uence in combina-
tion with low conducting fi lms to create patterns with only 
the tip of the Gaussian profi le. This mode of patterning could 
provide the ability to confi ne the surface area that reaches the 
threshold for SAM desorption to be smaller than the Airy Disk. 
Minimization of the energy delivered to the Au fi lm combined 
with the use of low conductivity fi lms allowed the fabrication 
of sub-diffraction limited patterns. A 532 nm laser focused 
through a 20 ×  (NA 0.8) objective operating at a fl uence of 
7.55 nJ  μ m  − 2  was used to pattern 6 nm Au fi lms. Elliptical pat-
terns with an average minor axis of 594  ±  154 nm, which is 
26% smaller than the 811 nm Airy Disk, were created. While 
this is the fi rst report, to our knowledge, of sub-diffraction 
limited thermal patterning of SAMs on Au surfaces, sub-
diffraction limited patterning with laser-assisted desorption 
of silane and siloxane SAMs on oxidized silicon surfaces has 
been demonstrated. [  46–50  ]  Silane and siloxane SAMs inherently 
have a higher activation energy for thermal desorption due to 
their ability to bind not only to the surface, as with alkanethiol 
SAMs, but to also crosslink with neighboring molecules. [  49  ,  51  ]  
Due to this higher activation energy, the ability to create sub-
diffraction limited patterns up to 97% smaller than the laser 
beam waist has been reported. [  46  ,  47  ,  49  ]     
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2011, 21, 2876–2888
 2.4. Patterned Arrays That Present Ligand 
Concentration Gradients 

 Surfaces presenting ligand concentration 
gradients are useful for investigating funda-
mental cell processes such as polarization [  52  ]  
and migration. [  53  ]  We implemented two com-
plementary patterning methods that relied on 
dose dependent changes in the total energy 
delivered to the Au fi lm to create either step-
wise or smooth surface concentration gradi-
ents of alkanethiol SAMs ( Figure    7  ). 10 nm 
thick Au fi lms were functionalized with an 
OEG-terminated alkanethiol. The OEG SAM 
was thermally desorbed using two methods 
to vary the amount of energy delivered to 
the patterned regions by either changing the 
number of iterations used in adjacent pat-
terns (Figure  7 A) or by slightly tilting the 
sample (Figure  7 B). The patterned surfaces 
were functionalized with a biotin-terminated 
alkanethiol followed by exposure to AF546-
conjugated streptavidin. The fi rst method 
was implemented to create a symmetrical 
gradient displaying stepwise changes in the 
ligand concentration between each column 
(Figure  7 C–E). The number of iterations 
used to pattern the ROIs in adjacent col-
umns was decreased by a factor of 2 from 
the left column to center and increased by 
a factor of 2 from the center column to the 
right (Figure  7 C). This method resulted in 
stepwise changes in fl uorescent intensity 
between adjacent columns (Figure  7 C-E). 
Alternatively, the amount of energy delivered 
to the fi lms can be decreased more smoothly by slightly tilting 
the sample so that the focal plane of the laser slowly retracts 
from the surface. [  29  ]  The last column on the right (Figure  7 C) 
was patterned by tilting the sample 1.4 °  so that the sample 
slowly left the focal plane of the objective from the top row to 
the bottom row ( ∼ 2  μ m out of focus over 80  μ m) resulting in a 
smoother ligand concentration gradient (Figure  7 C,D).

     2.5. Ligand Surface Density Displayed by HFN and Mixed SAMs 
of GRGD- and OEG-Terminated Alkanethiols 

 Since ligand density infl uences cell adhesion, spreading, and 
motility, [  54–56  ]  it is crucial to know the densities of the ligands dis-
played by the multifaceted surfaces in order to perform detailed 
cell studies. XPS was implemented to estimate the RGD ligand 
surface density displayed by HFN adsorbed to bare Au and by sur-
faces functionalized with mixed GRGD/OEG alkanethiol SAMs.  

 2.5.1. Estimation of RGD Surface Density Displayed 
by HFN Adsorbed to Au 

 High-resolution C 1s , N 1s , and Au 4f  XPS spectra were attained 
for Au surfaces exposed to HFN solution (30 min at 37  ° C) at 
eim 2883wileyonlinelibrary.com
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    Figure  8 .      RGD Surface Density Displayed by Adsorbed HFN and Mixed 
GRGD/OEG 3  SAMs.  XPS was used to estimate the RGD surface den-
sity displayed by HFN adsorbed to bare Au or by mixed GRGD/OEG 3  
alkanethiol SAMs. (A) Bare Au surfaces were exposed to HFN solution 
with concentrations from 1.5–50.0  μ g mL  − 1  and the N 1s  spectra acquired 
with XPS at each concentration (see Supplemental Figure S1 and Table S1). 
The area under the N 1s  peak was measured for each condition to quantify 
the amount of protein present, and the HFN surface density was ratio-
metrically back calculated. The RGD surface density was determined by 
multiplying the HFN density by the number of RGD motifs, two, displayed 
on each HFN molecule. B) A similar method was used to estimate the 
RGD surface density displayed by mixed SAMs of GRGD- and OEG 3 -
terminated alkanethiols. Bare Au surfaces were exposed to solutions of 
mixed alkanethiols at a working concentration of 2 m M  for 1 h. The percent 
of GRGD-terminated alkanethiol in solution was varied from 0.5–10.0%. 
The area under the N 1s  peak (see Supplemental Figure S2 and Table S2) 
was used to ratiometrically back calculate RGD surface density.  

BA

    Figure  7 .      Fabrication of Micrometer-Scale Ligand Gradients.  LSL provides two methods to 
create ligand density gradients. The total amount of energy delivered to the ROIs can be varied 
by changing the number of iterations per ROI as depicted in (A) or by slightly tilting the sample 
so that the sample slowly leaves the focal plane of the laser as depicted in (B). C) A 10 nm Au 
fi lm was functionalized with an OEG-terminated alkanethiol and 1  μ m  ×  8  μ m patterns of the 
OEG were thermally desorbed with a 532 nm laser. The bare Au patterns were backfi lled with 
a biotin-terminated alkanethiol, labeled with AF546-conjugated streptavidin, and imaged. The 
number of iterations per ROI was decreased by a factor of 2 from the left to the center of the 
image and increased by a factor of 2 from the center to the right of the image to create a sym-
metrical density gradient using the method depicted in (A). C) The last column on the right 
(outlined by dashed yellow line and indicated by the yellow arrows) was created by tilting the 
sample 1.4 °  so that the laser slowly went out of focus from the top to bottom using the method 
depicted in (B). D) An areal plot of the streptavidin fl uorescent intensity shows the gradients 
created in the  x  direction across all columns and in the y direction for the last column on the 
far right in (C) as indicated by the yellow arrows. E) A line plot of the streptavidin intensity as 
indicated by the red line in (C). (B) SB  =  20  μ m.  
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concentrations of 1.56–50.00  μ g mL  − 1  to monitor the adsorp-
tion of HFN and to create an RGD surface density calibration 
graph (Figure S1,  Figure    8  A). Deconvolution of the C 1s  spectra 
indicated the presence of C-C (285 eV:  ∼ 43%), amine, alcohol, 
ether (286 eV:  ∼ 34%), and amide (288 eV:  ∼ 23%) bonds on 
the surface (Figure S1, Table S1). Incremental increases in 
the C 1s  and N 1s  signal intensities accompanied by a decrease 
in the Au 4f  background signal were observed as the HFN 
solution concentration increased, affi rming increased HFN 
adsorption with increased solution concentration (Figure S1, 
Table S1). The packing density of a monolayer of fi bronectin is 
 ∼ 190 ng cm  − 2  ( ∼ 2500 FN  μ m  − 2 ) as determined through radiola-
beling experiments. [  57  ]  The measured area under the N 1s  peak 
for the surfaces exposed to HFN solution at 50  μ g mL  − 1  was 
set to the saturation value of 2500 FN  μ m  − 2 . The HFN packing 
density for the surfaces exposed to lower HFN concentrations 
was determined using the relative areas under the N 1s  peaks 
to ratiometrically back calculate the packing density. [  45  ]  As a 
metric for comparison between the HFN and GRGD SAMs, the 
number of RGD motifs per area was calculated. The RGD den-
sity displayed by adsorbed HFN was estimated by multiplying 
the HFN packing density by 2 (the number of RGD motifs per 
HFN molecule). Using this method, an RGD surface density 
calibration graph was created (Figure  8 A). A sigmoidal relation-
ship between the number of RGD motifs displayed and the 
solution concentration of HFN was observed. The RGD density 
linearly increased from 963  ±  258 to 4,106  ±  203 RGD  μ m  − 2  at 
HFN solution concentrations of 1.56 and 12.50  μ g mL  − 1  respec-
tively that reached a saturation value of 5,000  ±  131 RGD  μ m  − 2  
at 50.00  μ g mL  − 1 . Although this measure does not take other 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Wei4 wileyonlinelibrary.com
integrin binding domains displayed by HFN 
into account, it provides a metric for com-
paring to the GRGD SAM patterns.    

 2.5.2. Estimation of GRGD Surface Density 
Displayed by Mixed SAMs of GRGD- and OEG-
terminated Alkanethiols 

 The GRGD ligand density displayed by mixed 
SAMs of GRGD- and OEG 3 -terminated 
alkanethiols was estimated with the same 
method used to determine the HFN packing 
density. Surfaces displaying mixed SAMs of 
GRGD/OEG 3  were created by varying the 
molar ratio of the two alkanethiols at a con-
stant working concentration of 2 m M . For 
example, a 10% GRGD surface was created 
by functionalizing the Au with a solution 
containing equal volumes of 0.2 m M  GRGD 
and 1.8 m M  OEG 3 . Surfaces presenting 
mixed SAMs of GRGD/OEG 3  composed of 
 ≤ 1% GRGD prevent adsorption of protein 
from solution [  4  ]  and at 1% GRGD display 
an RGD packing density of  ∼ 7.5 pmol cm  − 2  
(45 165 RGD  μ m  − 2 ). [  58  ]  To estimate the 
GRGD packing density, surfaces were func-
tionalized with mixed GRGD/OEG 3  SAMs 
with the %GRGD varied from 0–10%. 
High resolution C 1s , N 1s , O 1s , and Au 4f  
XPS spectra were acquired for each surface 
(Figure S2). Incremental increases in the N 1s  signal intensity 
accompanied by increases in both the OEG (287 eV) and amide 
bond (288 eV) portions of the C 1s  spectra were observed with 
nheim Adv. Funct. Mater. 2011, 21, 2876–2888
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    Figure  9 .      HUVEC Adhesion Site Formation on Multifaceted Patterned 
Surfaces.  Multifaceted patterned surfaces presenting 1  μ m  ×  8  μ m 
ellipses of GRGD-terminated alkanethiol in the horizontal direction (1% 
GRGD in OEG: see inset 1) interwoven with HFN ellipses in the vertical 
direction (25  μ g mL  − 1 : see insets 1 and 2) were prepared with LSL. The 
GRGD and HFN patterns displayed an RGD surface density of  ∼ 45 165 
and 4593 RGD  μ m  − 2 , respectively (see Figure 8). To determine the place-
ment of the HUVEC adhesion sites and which ligand was being ligated, 
the HUVECs were fi xed 16 h post seeding, immunolabeled for HFN 
(top right), vinculin (bottom left), and actin (red in bottom right), and 
imaged with fl uorescent and differential interference contrast (DIC) (top 
left) microscopies. HUVECs displayed adhesions to both the GRGD (red 
arrows) and HFN (blue arrows) patterns. The data demonstrates that 
both ligands were biologically active after patterning and induced integrin 
ligation and adhesion site formation. SB  =  10  μ m.  
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increasing %GRGD affi rming an increased surface density 
of GRGD in the mixed SAM (Figure S2, Table S2). Concur-
rently, a decrease in the Au 4f  background signal with increased 
%GRGD was observed due to increased shadowing from the 
longer GRGD alkanethiol (Figure S2, Table S2). The GRGD 
packing density of the surfaces created with 1% GRGD was 
set to 45 165 RGD  μ m  − 2  [  58  ]  and the packing densities of the 
remaining surfaces were ratiometrically back calculated using 
the relative areas under the N 1s  peaks. The GRGD packing 
density linearly increased from 32 809  ±  7,704 to 481 813  ±  
5274 RGD  μ m  − 2  as the %GRGD increased from 0.5 to 10.0% 
respectively (Figure  8 B). 

    2.6. Cell Adhesion & Migration on Multifaceted Patterned 
Surfaces 

  2.6.1. Simultaneous Cell Adhesion to Multiple Patterned Ligands 
on Multifaceted Surfaces 

 To confi rm bioactivity of the patterned ligands and to examine 
adhesion site placement, human umbilical vein endothelial 
cells (HUVECs) were cultured on multifaceted, microp atterned 
surfaces that displayed an array of 1  μ m  ×  8  μ m ellipses of 
GRGD (1% GRGD in OEG 6 : 45 165 RGD  μ m  − 2 ) in the hori-
zontal direction orthogonally interwoven with an array of 
1  μ m  ×  8  μ m ellipses of HFN (25  μ g mL  − 1 : 4 593 RGD  μ m  − 2 ) 
in the vertical direction ( Figure    9  ). It should be noted that 
mixed SAMs of GRGD in OEG 6  were used for cell studies 
instead of the GRGD/OEG 3  SAMs used for XPS analysis. OEG 6  
displays increased resistance to protein adsorption compared 
to OEG 3  [  59–61  ]  and it was crucial to prevent HFN adsorption to 
the GRGD patterns during the fabrication of the multifaceted 
surfaces. It should also be noted that mixed SAMs of GRGD 
in either OEG 3  or OEG 6  display a similar RGD packing density 
therefore the RGD density displayed by the GRGD/OEG 3  SAMs 
determined though XPS analysis also refl ects the RGD density 
for the GRGD/OEG 6  SAMs. [  58  ]  16 h post seeding the HUVECs 
were fi xed, fl uorescently immunolabeled for HFN, vinculin, 
and actin, and imaged. Fluorescent labeling of HFN was used 
to confi rm preferential adsorption of HFN to the bare Au pat-
terns (see insets 1 & 2 in Figure  9 ). HUVECs cultured on multi-
faceted, patterned surfaces formed adhesions simultaneously to 
both the GRGD (red arrows) and HFN (blue arrows) patterns 
as indicated by vinculin labeling (Figure  9 ). These results indi-
cate that both ligands retained bioactivity during the LSL pat-
terning process and that HUVECs recognized and adhered to 
both GRGD and HFN patterns. To our knowledge, this is the 
fi rst demonstration of simultaneous cell adhesion to multiple 
patterned ECM ligands in a single cell.    

 2.6.2. Lamella Formation and Migration on Multifaceted Patterned 
Surfaces 

 After demonstrating bioactivity and simultaneous cell attach-
ment to both patterned ligands, we implemented multifaceted 
surfaces to monitor how HUVECs utilized the two different 
ligands during migration. HUVECs were seeded on the same 
surfaces described in Section 2.6.1 and imaged with time-lapse 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 2876–2888
differential interference contrast (TL-DIC) microscopy 6 h post-
seeding.  Figure    10   displays a time series of DIC images for a 
representative HUVEC migrating on a multifaceted surface. 
At t  =  0 min (equivalent to 6 h post seeding) most HUVECs 
displayed alignment and elongation to the long axis of the ver-
tical HFN patterns. As time proceeded, cells used both GRGD 
and HFN patterns during lamella formation while maintaining 
preferential elongation to HFN ellipses. At t  =  4 min, a mem-
brane extension guided along a GRGD pattern was formed. 
Over the next 4 minutes the extension extended vertically down-
ward guided along a HFN pattern and terminated on a GRGD 
pattern. The lamella continued to grow vertically guided by the 
HFN patterns and eventually covered three additional HFN pat-
terns and terminated on GRGD patterns at the top and bottom. 
Interestingly, the HFN patterns dominated the direction of cell 
elongation even when the RGD density was an order of mag-
nitude lower than displayed by the GRGD patterns. While not 
fully understood, we speculate that additional binding domains 
available in HFN could infl uence adhesion site positioning 
through either differential integrin usage or adhesion site 
kinetics or that the process of fi brillogenesis could play a role 
in the orientation of the HUVECs to the long axis of the HFN 
patterns.      
bH & Co. KGaA, Weinheim 2885wileyonlinelibrary.com
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    Figure  10 .      HUVECs Utilize both GRGD & HFN Patterns During Lamella Formation & Migra-
tion on Multifaceted Surfaces.  Multifaceted patterned surfaces presenting 1  μ m  ×  8  μ m ellipses 
of GRGD-terminated alkanethiol (1% in OEG: horizontal patterns outlined in red in inset) 
interwoven with HFN ellipses (25  μ g mL  − 1 : vertical patterns outlined in blue in inset) were 
prepared with LSL. The GRGD and HFN patterns displayed an RGD surface density of  ∼ 45 165 
and 4593 RGD  μ m  − 2  respectively (see Figure 8). HUVECs were seeded on the surfaces and 
imaged with TL-DIC microscopy 6 h post seeding. HUVECs on multifaceted surfaces displayed 
preferential cell elongation parallel to the long axis of the HFN patterns and used both GRGD 
and HFN patterns during lamella formation as shown by a representative HUVEC outlined in 
yellow. (t  =  0 min) The HUVEC was initially elongated in a direction parallel to the long axis of 
the HFN patterns. (t  =  4 min) Over the next four min, the HUVEC produced a membrane exten-
sion along one of the GRGD patterns as depicted by the red arrow. (t  =  8 min) A lamella began 
to form that spanned an additional HFN pattern (blue arrow) and terminated at another GRGD 
pattern (bottom red arrow). (t  =  12 min) Vertical growth of the lamella occurred along the HFN 
patterns and spanned three additional HFN patterns (blue arrows) and displayed termini on 
two GRGD patterns (red arrows). The use of GRGD patterns to span to neighboring HFN pat-
terns was observed in HUVECs migrating on multifaceted surfaces. SB  =  20  μ m.  

GRGD
HFN

48 min 52 min 56 min 60 min0 min 4 min 8 min 12 min
 3. Conclusions 

 While a multitude of surface patterning strategies exists, there 
are very few “maskless” techniques and even fewer techniques 
that allow the fabrication of multifaceted patterned surfaces 
that display multiple ligands with each ligand confi ned to its 
own patterned array. We demonstrated that LSL is a highly 
versatile “maskless” surface patterning strategy that allows 
the fabrication of surfaces that i) display nano- to micrometer-
sized patterns of adhesive ligand, ii) have well-controlled pat-
tern topography on the nanometer length scale, and iii) display 
both stepwise and smooth ligand gradients. More importantly, 
LSL provides the ability to pattern multiple adhesive ligands in 
close proximity. We created multifaceted patterned surfaces dis-
playing interwoven arrays of GRGD and HFN with each ligand 
confi ned to its own array. HUVECs cultured on these surfaces 
formed vinculin-containing adhesions simultaneously to both 
ligands. While GRGD and HFN were used as model ligands in 
this study, the ability to pattern multiple peptides or proteins 
could be easily achieved. 

 The fl exibility in pattern properties with respect to size, 
spacing, geometry, topography, and ligand density provides the 
ability to simultaneously investigate a number of infl uences 
of ligand display on cell adhesion and behavior. For example, 
nanoscale surface topography can enhance certain aspects of 
cell behavior (proliferation, [  62  ,  63  ]  adhesion, [  62  ]  mineralization [  63  ] ) 
in osteoblasts and disrupt some processes (adhesion, cytoskel-
etal formation) in fi broblasts. [  64  ]  While the underlying mecha-
nisms of nanotopography-induced changes in cell behavior 
remain elusive, Miller et al. proposed that the observed cellular 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Wein6 wileyonlinelibrary.com
changes may simply be caused by differences 
in protein surface concentration or conforma-
tion. [  65  ]  Using LSL, patterns with systematic 
variations in both topography and ligand con-
centration could be fabricated in close prox-
imity with high spatial resolution allowing 
the fabrication of surfaces displaying varying 
levels of nanotopography on a single surface. 
Experiments with such surfaces could allow 
detailed studies of the infl uences of nano-
scale topography and ligand concentration to 
be conducted simultaneously and even in a 
single cell, if desired.   

 4. Experimental Section 
  Materials : 25 and 35 mm diameter, # 1, optical 

borosilicate circular glass coverslips, sulfuric acid 
(H 2 SO 4 ), 30% hydrogen peroxide (H 2 O 2 ), and 
sodium chloride (NaCl) were purchased from Fisher 
Scientifi c (Pittsburgh, PA). Millipure water (MPH 2 O) 
with a resistance  > 18 Μ Ω -cm was obtained from a 
Millipore Super-Q water system (Billerica, MA). 1/8”  ×  
1/8”, 99.999% pure Titanium and gold pellets and 
7cc molybdenum crucibles were purchased from 
Kamis Inc. (Mahopac Falls, NY). 30% ammonium 
hydroxide (NH 4 OH), 200 proof ethanol, and T-25 
tissue culture fl asks were purchased from VWR 
(West Chester, PA). Ultrahigh purity nitrogen (N 2 ) 
was purchased from Matheson TriGas (Basking 
Ridge, NJ). HS(CH 2 ) 15 CONHCH 2 CH 2 (OCH 2 CH 2 ) 5 OH (OEG) and HS(
CH 2 ) 15 CONHCH 2 CH 2 (OCH 2 CH 2 ) 11 GR GDS (GRGDS) alkanethiols were 
synthesized as previously reported. [  66  ]  HS(CH 2 ) 11 (OCH 2 CH 2 ) 3 OH (OEG 3 ), 
HS(CH 2 ) 11 (OCH 2 CH 2 ) 6 OH (OEG 6 ), and HS(CH 2 ) 11 (OCH 2 CH 2 ) 6 GRGD 
(GRGD) alkanethiols were purchased from ProChimia (Sopot, Poland). 
Human plasma fi bronectin (HFN), heat-shocked bovine serum 
albumin (BSA), Tween20, TritonX-100, sucrose, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), magnesium chloride (MgCl 2 ), 
monoclonal mouse anti-vinculin, anhydrous N,N-dimethylformamide 
(DMF), and triethylamine (Et 3 N) were purchased from Sigma-Aldrich 
(St. Louis, MO). Phosphate buffered saline (PBS), pooled human 
umbilical vein endothelial cells (HUVECs), endothelial cell growth 
medium-2 (EGM-2), EGM-2 SingleQuots kits, and 0.25% trypsin with 
1 m M  ethylenediaminetetraacetic acid (EDTA) were purchased from 
Lonza (Basel, Switzerland). Alexa Fluor 633 (AF633) carboxylic acid 
succinimidyl ester, AF405, AF488, and AF532 protein labeling kits, goat 
serum, AF405 goat anti-rabbit, AF532 phalloidin, AF488 goat anti-mouse, 
and Prolong Antifade Gold were purchased from Invitrogen (Carlsbad, 
CA). Rabbit anti-HFN was purchased from Abcam (Cambridge, MA). EM 
grade 16% paraformaldehyde in de-ionized H 2 O was purchased from 
Electron Microscopy Sciences (Hatfi eld, PA). 

  Synthesis of  ω -Functionalized Alkanethiols : OEG-, GRGDS-, and biotin-
terminated alkanethiols were synthesized as previously described. [  66  ]  
GRGDS- and biotin-terminated alkanethiols were more effi ciently 
synthesized through the use of NovaSyn™ TGA resin (EMD Chemicals 
Inc., Gibbstown, NJ), which is composed of a 4-hydroxy-methyl-phenoxy-
acetic acid linker attached to a PEG spacer coupled to the polystyrene 
resin. To improve yield of each step, we also employed double couplings 
of each amino acid with each coupling at a 5 ×  molar excess. Coupling 
of the trityl-protected alkanethiol to the peptide-resin was allowed to 
proceed for 12 h for each coupling at a 5 ×  molar excess. Reversed-
phase high performance liquid chromatography was performed with a 
preparative-scale 21.5 mm C18 column using a gradient of 95% A) 45:55 
isopropanol:water  +  0.05% TFA to 95% B) isopropanol  +  0.05% TFA over 
heim Adv. Funct. Mater. 2011, 21, 2876–2888
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40 min at 5 mL min  − 1  fl ow rate (higher fl ow rates could not be utilized 
due to the tendency of pumped isopropanol to spontaneously form air 
bubbles).  ω -Functionalized alkanethiols were purifi ed to  ≥ 95% purity and 
verifi ed for identity by matrix assisted laser desorption ionization time of 
fl ight mass spectrometry (MALDI-ToF; Bruker Daltonics, Billerica, MA). 

  Metal Deposition : Coverslips were cleaned in piranha solution (3:1 
H 2 SO 4 :H 2 O 2 ) for 1 h, rinsed thoroughly in MPH 2 O, soaked in MPH 2 O 
overnight, and dried with N 2 . For LSL patterning, 2 nm Ti and 6, 8, or 
10 nm Au were deposited at a rate of 1–2 Å sec  − 1  onto 35 mm diameter 
coverslips and for XPS studies 10 nm Ti and 75 nm Au were deposited 
onto 25 mm coverslips using an electron-beam evaporator (Sharon 
Vacuum, Brockton, MA). The fi lm thickness and deposition rate were 
monitored by the quartz crystal located adjacent to the sample stage in 
the evaporator. 

  Laser Characterization : The diameter of the focused laser beam was 
estimated from the Airy Disk as shown in  Equation 1 :

 
AD =

1.228
NA   

(1)   

where AD is the Airy Disk diameter (beam waist of the focused laser), 
  λ   the wavelength, and NA the numerical aperture of the objective. The 
power output ( P ) of the laser was measured at the focal plane of the 
objective and the intensity ( I ) was calculated from  Equation 2 :

 
I =

P

AD
=

P × NA

1.228   
(2)   

  The energy input into each pixel of the ROI was tuned by changing the 
pixel dwell time ( D  t ); the time that the laser resides at each pixel in the 
ROI during patterning. Operating at the same intensity with varied ( D  t ) 
allowed control over the laser fl uence ( F ) as described by  Equation 3 :

 
F = I × Dt =

P × NA × Dt

1.228   
(3)   

  Supplementary Tables 3 and 4 provide a comprehensive list of the 
measured and calculated laser parameters described in  Equation 1 – 3  for 
the 20 ×  (NA0.8) and 63 ×  (NA1.4) objectives respectively. 

  Surface Fabrication and Pattern Characterization : Metalized coverslips 
were cleaned in dilute TL1 (6:1:1 MPH 2 O:NH 4 OH:H 2 O 2 ) at 80  ° C 
for 1–2 min, rinsed with MPH 2 O, dried with N 2 , and immediately 
functionalized with a 2 mM ethanolic solution of OEG 6  overnight, rinsed 
with ethanol, and dried with N 2 . Desired ROIs of the OEG SAM were 
thermally desorbed using the “Edit Bleach” software on a Zeiss 5Live 
laser scanning confocal microscope (Carl Zeiss, Munich, Germany) 
equipped with an automated stage. ROIs were exposed to a 532 nm 
laser focused through a 20 ×  (NA 0.8) air or 63 ×  (NA 1.4) oil immersion 
objective. Patterning with a 532 nm laser operating at 12.8 nJ  μ m  − 2  using 
1 000 iterations per ROI allowed the fabrication of 1 mm  ×  1 mm arrays 
in  ∼ 45 min. Patterning was performed in a 37  ° C, N 2 -rich environment 
to facilitate thiol desorption from the surface. For single ligand pattern 
characterization studies, the fi rst set of ROIs were functionalized with 
either a 2 mM ethanolic solution of 1% GRGDS in OEG 6  or with AF405-
conjugated HFN at 12.5  μ g mL  − 1  in PBS. For multifaceted surface 
characterization, the fi rst set of ROIs was functionalized with a 2 m M  
ethanolic solution of GRGDS and the GRGDS fl uorescently labeled with a 
1:100 dilution of AF633 carboxylic acid succinimidyl ester in DMF with 
100 mM Et 3 N for 10 h. The surfaces were rinsed with DMF, rinsed with 
ethanol, and dried with N 2 . The surfaces were patterned again with a 
second set of ROIs, exposed to 500  μ L of AF405-conjugated HFN at a 
concentration of 10–25  μ g mL  − 1  in PBS for 30 min at 37  ° C, rinsed with 
PBS, rinsed with MPH 2 O, and dried with N 2 . The samples were imaged 
on a Zeiss 5Live confocal microscope (Carl Zeiss, Munich, Germany) 
with a 20 ×  (NA0.8) air objective using 405 nm excitation and a LP420 
emission fi lter for the AF405-conjugated HFN and with 635 nm excitation 
and a LP650 emission fi lter for the AF633 labeled GRGDS. Images of the 
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HFN patterns were thresholded and each pattern was mathematically 
fi t with an ellipse to determine the area, minor axis, and major axis 
using ImageJ (NIH, Bethesda, MD). To investigate the infl uence of the 
laser properties on feature size, the elliptical patterns were created with 
systematic variations in laser power, intensity, fl uence, and the number 
of iterations per ROI. To determine the infl uence of Au surface thickness 
(thermal conductivity) on pattern feature size, the same experiments 
were performed on 6, 8, and 10 nm Au samples. The same patterning 
procedure was implemented to create surfaces for cell studies with the 
following exceptions: i) a mixed SAM of 1% GRGD in OEG 6  was used to 
create the GRGD patterns instead of 2 m M  GRGDS and ii) fl uorescent 
pre-labeling of the GRGD and HFN were excluded. 

  XPS Measurements : C 1s , N 1s , O 1s , and Au 4f  spectra were obtained at 
a 45 °  takeoff angle using a PHI Quantera XPS scanning microprobe 
(Physical Electronics, Chanhassen, MN) equipped with a 114.8 W 
monochromatic aluminum X-ray source. High resolution scans were 
acquired with a 200  μ m spot size, a pass energy of 26 eV, and a step size 
of 0.1 eV. All spectra were referenced to the Au 4f  peak at 84 eV. The high 
resolution spectra were deconvolved with Gaussian fi ts using PeakFit 
software (Systat Inc., Chicago, IL) to analyze the bond types present and 
to measure the area under each spectrum. Surface mapping XPS images 
were obtained using a 9  μ m spot size and a pass energy of 140 eV with 
a step size of 15 eV. 

  Interferometry Measurements : Surface topography maps were acquired 
with a Zygo NewView 6200 (Zygo Inc., Middlefi eld, CT) white light 
interferometer. Surface topography images were acquired with a 50 ×  
objective and a z-scan of  ± 20  μ m. Five scans were averaged per viewfi eld 
and the resulting image fl attened with a plane-fi t compensation fi lter. 

  Cell Culture : HUVECs were cultured at 37  ° C and 5% CO 2  in EGM-2 
basal media supplemented with 10 mL fetal bovine serum, 0.2 mL 
hydrocortisone, 2 mL hFGF-B, 0.5 mL VEGF, 0.5 mL R3-IGF-1, 0.5 mL 
ascorbic acid, 0.5 mL hEGF, 0.5 mL gentamicin-amphotericin-B, and 
0.5 mL heparin in a HFN coated (3 mL at 12.5  μ g mL  − 1  for 30 min at 
37  ° C) T-25 tissue culture fl ask. When 80% confl uence was reached, 
the cells were trypsinized with 3 mL of 0.25% trypsin and 1 m M  
ethylenediaminetetraacetic acid in PBS at 37  ° C for 3 min. The cells were 
collected and centrifuged for 10 min. The cell pellet was re-suspended 
in full EGM-2 media and seeded on patterned surfaces at a density of 
 ∼ 15 cells mm  − 2 . Passage 3 HUVECs were used for all experiments. 

  Time-lapse Dic Microscopy & Fluorescent Immunolabeling & Imaging : 
After 6 h in culture, HUVECs on multifaceted patterned surfaces were 
imaged with time-lapse differential interference contrast microscopy 
using the “time series” application on a Zeiss 5Live confocal microscope 
(Carl Zeiss, Munich, Germany). A 532 nm laser focused through a 20 ×  
(NA 0.8) objective operating at the lowest power setting was used for 
excitation and images were acquired at 2 min intervals for 2 h. 

 After 16 h in culture, the HUVECs were fi xed and labeled for HFN, 
actin, and vinculin. The surfaces were gently rinsed with warm PBS-T 
(PBS supplemented with 0.01% Tween 20), submerged into an ice-cold 
cytoskeleton stabilizing buffer (0.5% Triton X-100, 300 m M  sucrose, 
10 mM HEPES, 3 m M  MgCl 2 , 50 m M  NaCl in MPH 2 O, pH 6.8) for 1 min, 
submerged into ice-cold 4% paraformaldehyde in PBS-T, and placed in 
a 37  ° C water bath for 10 min. The samples were removed from the 
paraformaldehyde, rinsed with PBS-T, blocked with 10% goat serum in 
PBS-T for 1 h, rinsed with PBS-T, and incubated with 500  μ L of primary 
antibody solution (1  μ g mL  − 1  rabbit anti-HFN, 5  μ g mL  − 1  mouse anti-
vinculin, 1:20 dilution AF532 phalloidin in PBS-T) O/N at 4  ° C. The 
samples were rinsed with PBS-T, incubated with 1 mL of secondary 
antibody solution (10  μ g mL  − 1  AF488 goat anti-mouse and 10  μ g mL  − 1  
AF405 goat anti-rabbit in PBS-T) for 1 h, rinsed with PBS-T, rinsed with 
MPH 2 O, and gently dried with N 2 . A drop of Prolong Antifade Gold was 
added to the surface and secured with a coverslip. The samples were 
imaged on a Zeiss 5Live confocal microscope. The AF405 labeled HFN 
was imaged with 405 nm excitation and a BP415-480 emission fi lter, the 
AF489 labeled vinculin with 488 nm excitation and a BP500-525 emission 
fi lter, and the AF532 labeled actin with 532 nm excitation and a LP550 
emission fi lter. The brightness, contrast, and color balance were adjusted 
and merged images were created using ImageJ (NIH, Bethesda, MD).   
mbH & Co. KGaA, Weinheim 2887wileyonlinelibrary.com
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 Supporting Information is available from the Wiley Online Library or 
from the author. 
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Figure S1: XPS Spectra of HFN Adsorbed to Au at Varying Concentrations 
Au films were exposed to varying concentrations of HFN in solution (50.0-1.5625 µg ml

-1
) for 

30 mins at 37 °C, rinsed with PBS, rinsed with MPH2O, dried with N2, and examined with high-

resolution XPS. The raw spectra (black data) was deconvolved with Gaussian fits (colored data) 

to examine the bond types present and to determine the contribution of each bond type to the 

elemental spectra. The legend for each spectra indicates the peak position of the Gaussian fits 

and is color coded to match the data. The data indicates that less HFN adsorbed to the surface as 

the solution concentration decreased. Both the N1s and C1s signal intensities steadily decreased 

with decreased HFN concentration. Concurrently, the Au4f signal intensity increased from a 

reduction in shadowing of the Au background as less HFN adsorbed to the surface. The HFN 

surface density at each solution concentration displayed in Fig. 8A was determined through 



  

quantification of the area under the N1s peaks shown above. See Table S1 for quantification of 

the data above. 

 

 

HFN 

[µg ml-1] 

Composition [%] C1s Deconvolution [%] N1s Area 

[AU] 
HFN Density 

[# µm-2] 
RGD Density 

[# µm-2] C1s N1s Au4f 285 eV 286 eV 288 eV 

50 63.69 16.98 19.33 40.93 34.26 24.81 3202 ± 84 2500 ± 66 5000 ± 131 

25 58.77 15.72 25.51 40.49 34.06 25.45 2942 ± 111 2297 ± 87 4593 ± 173 

12.5 55.22 14.04 30.74 39.80 34.70 25.50 2630 ± 130 2053 ± 102 4106 ± 203 

6.25 45.26 9.63 45.12 41.50 34.51 23.99 2119 ± 412 1654 ± 322 3309 ± 644 

3.125 37.01 6.18 56.81 49.34 31.10 19.56 1160 ± 186 905 ± 145 1811 ± 290 

1.5625 30.03 4.24 65.73 46.68 32.67 20.65 617 ± 166 481 ± 129 963 ± 258 

 

Table S1: XPS Analysis of HFN Adsorbed to Au at Varying Concentrations 
The spectra displayed in Fig. S1 was analyzed to determine the elemental composition, bond 

types present in the C1s spectra, area under the N1s peak, HFN surface density, and RGD surface 

density for each concentration of HFN. The HFN surface density was estimated by setting the 

saturation level to a previously published value of fibronectin saturation and by using the N1s 

peak areas to ratiometrically back calculate the HFN surface density for the other surfaces. The 

RGD surface density was estimated by multiplying the HFN surface density by a factor of two; 

the number of RGD domains per HFN molecule.  



  

 

Figure S2: XPS Spectra of Mixed GRGD/OEG3 SAMs on Au at Varying GRGD 

Percentages 
Au films were functionalized with a mixed thiol solution (2 mM for 1 hr) of GRGD- and OEG3-

terminated alkanethiols with the percent GRGD varied from 10-0% (for example, the 10% 

GRGD solution was comprised of equal volumes of 0.2 mM GRGD-terminated and 1.8 mM 

OEG3-terminated alkanethiols). The samples were rinsed thoroughly with ethanol, dried with N2, 

and examined with high-resolution XPS. The raw spectra (black data) was deconvolved with 

Gaussian fits (colored data) to examine the bond types present and to determine the contribution 

of each bond type to the elemental spectra. The legend for each spectra indicates the peak 

position of the Gaussian fits and is color coded to match the data. The results indicate a reduction 

in the number of amide bonds present on the surface as the percent GRGD in solution decreased. 

The N1s signal intensity (400 eV) and the amide bond contribution to the C1s spectra (288 eV) 

steadily decreased as the percent GRGD in solution was reduced. It should be noted that the 

sensitivity factor for N1s electrons is higher than that of C1s electrons and therefore the N1s 

spectra was used to characterize the RGD surface density shown in Fig. 8B. Another indicator 

that less GRGD-terminated thiol bound to the surface with decreasing percent GRGD was 



  

observed by examining the contribution of the EG spacer to the C1s spectra at 287 eV. The 

GRGD-terminated alkanethiol contained an EG6 spacer between the alkyl chain and peptide 

while the OEG3-terminated alkanethiol contained a shorter EG3 terminal group, therefore as the 

percent GRGD was reduced the contribution of the EG signal to the C1s spectra steadily 

decreased. Concurrently, an increase in the Au4f background signal was observed with decreased 

percent GRGD as shadowing of the Au was reduced as the EG6 surface concentration dropped 

and the EG3 concentration increased. See Table S2 for quantification of the data above. 

 

GRGD in OEG 

[%] 

Elemental Composition [%] C1s Deconvolution [%] N1s Area 

[AU] 
RGD Density 

[# µm-2] C
1s

 N
1s

 O
1s

 Au
4f

 285 eV 287 eV 288 eV 

10.0 57.67 5.14 11.51 25.69 39.33 49.44 11.23 1736 ± 19 481813 ± 5274 

5.0 57.34 0.76 6.86 35.05 47.29 46.15 6.56 640 ± 165 177581 ± 45884 

1.0 52.19 0.74 6.19 40.89 50.25 44.83 4.92 163 ± 17 45165 ± 4733 

0.5 51.22 1.00 3.20 44.59 51.92 42.64 5.44
 

 118 ± 28 32809 ± 7704 

0 51.95 0.00 4.24 43.81 53.10 41.20 5.70
 

 0 ± 0 0 ± 0 

 

Table S2: XPS Analysis of Mixed GRGD/OEG3 SAMs on Au at Varying GRGD 

Percentages 

The spectra displayed in Fig. S2 was analyzed to determine the elemental composition, bond 

types present in the C1s spectra, area under the N1s peak, and RGD surface density for each 

percentage of GRGD. The RGD surface density for each surface was estimated by setting the 

density of the 1% GRGD surface to a previously published value and by using the N1s peak areas 

to ratiometrically back calculate the RGD density for the other surfaces.  

 

20x (NA0.8) Objective 

λλλλ 
[nm] 

Power 
[%] 

Power 
[mW] 

Airy Disk 

[nm] 
Intensity 

[mW µm
-2

] 
Dt 

[µsec] 
Fluence 
[nJ µm

-2
] 

532 100 4.11 811 7.95 0.95 7.55 

532 100 4.11 811 7.95 1.61 12.80 

532 100 4.11 811 7.95 2.56 20.35 

532 100 4.11 811 7.95 3.20 25.44 

532 100 4.11 811 7.95 6.39 50.80 

532 80 3.2 811 6.19 0.95 5.88 

532 80 3.2 811 6.19 1.61 9.97 

532 80 3.2 811 6.19 2.56 15.85 

532 80 3.2 811 6.19 3.20 19.81 

532 80 3.2 811 6.19 6.39 39.55 

 

Table S3: Laser Properties Used for LSL with a 20x (NA0.8) Air Objective 
A 532 nm laser was focused through a 20x (NA0.8) air objective. The power of the focused laser 

beam was measured at the focal plane of the objective. The Airy Disk was calculated based on 

the wavelength and NA of the objective and used to estimate the laser intensity. The pixel dwell 

time was varied from 0.95-6.39 µsec and the corresponding laser fluence was calculated.   



  

63x (NA1.4) Objective 

λλλλ 
[nm] 

Power 
[%] 

Power 
[mW] 

Airy Disk 
[nm] 

Intensity 
[mW µm

-2
] 

Dt 
[µsec] 

Fluence 
[nJ µm

-2
] 

532 100 3.50 464 20.73 0.95 19.70 

532 100 3.50 464 20.73 1.61 33.38 

532 100 3.50 464 20.73 2.56 53.08 

532 100 3.50 464 20.73 3.20 66.35 

532 100 3.50 464 20.73 6.39 132.49 

532 80 3.00 464 17.77 0.95 16.88 

532 80 3.00 464 17.77 1.61 28.61 

532 80 3.00 464 17.77 2.56 45.50 

532 80 3.00 464 17.77 3.20 56.87 

532 80 3.00 464 17.77 6.39 113.57 

 

Table S4: Laser Properties Used for LSL with a 63x (NA1.4) Oil Immersion Objective 
A 532 nm laser was focused through a 63x (NA1.4) oil immersion objective. The power of the 

focused laser beam was measured at the focal plane of the objective. The Airy Disk was 

calculated based on the wavelength and NA of the objective and used to estimate the laser 

intensity. The pixel dwell time was varied from 0.95-6.39 µsec and the corresponding laser 

fluence was calculated.   

 
 

 
 

 

 

 




