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Nanometer-Scale Antibody Patterning for Directed Cell 
Immobilization and Stimulation 
Rcid N. Orth, Lori Kwan, Isnuil Hafez, Jun Kameoka, Manfred Lindau» and Harold G. Craighead 

School of Applied and Engineering Physics, Cornell University, Ithaca. New York 14853 

Antibodies have been patterned at nanoscale resolution for the precise immobilization and 
stimulation of immunological cells. We demonstrate that an antigen, bovine serum albumin 
(BSA), can be patterned on silicon using a photolithographically patterned polymer lift-off 
technique. The nanoscale pattern is realized as the polymer is mechanically peeled away in one 
contiguous piece in solution. Anti-BSA antibodies bound specifically to the BSA create a 
pattern of antibody Fc segments that provide the stimulus for eosinophils immobilization and 
degranulation These patterns, ranging from sub 600 nm to 67 um, provide a spectrum of stimuli 
for the 10-14 Jim eosinophil cells. This method provides a new technique for capturing cells 
from solution, analyzing cellular biochemical cascades events such as degranulation, and 
studying cellular morphological changes in response to a finite, nanoscale antigenic stimulus. 



Antibody 

— Silicon 

Figure 1.   Schematic of eosinophil cell binding to F« tail of Alexa 594 conjugated anti-BSA 
antibody on silicon substrate. 

Figure 2Ä and 2B. (A) Epifluorescent image of patterned Alexa-594 conjugated anti-BSA 
antibodies specifically bound to patterned BSA on silicon substrate. Sacle bar is 70 um and the 
largest square is 67 urn. (B) Eosinophil cells (green) immobilized to me patterned antibody 
matrix. Scale bar is 19 um and the period between dots is 9.6 um. 
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NANOMETER-SCALE ANTIBODY PATTERNING FOR DIRECTED 
NANOMETER^OMLIZATION ^ STIMULATION 

Rad N. Onh, Lori Kwan, J»n Karneok», Manfred Lindau, and Harold G. Craighead 

School of Applied and Engineering Physics, Come!! University, Uhaca, New York 14853 

Attract - Anlibodi« (Ab) *r« pattern^ a. nanoKcdu pr^uoon 
for th* preoi^ immobil«.«^ .»dI rffrn*.tw. of .»mm « cdb 
We d.m^str-te tb.t the »n«ig«. bovine •"»■^«"^gg 
can be o.tterned on silicon «sing a pBOtohthogmphicaUy 
patten Ä™er lift-off «ec.mique. The «ancseole pattern. 
rcoLd M the polymer is mcehunieally peeled -«ay   " one 
öS«»»» pleceUcp*«,». so.utton. And-aSA A^re bound 

soeciHcMly to BSA lo create » pattern of or.eMcd Ab that 
5327-    «urf.ee    for    «osinophil   •"-»»"£ 
a.^nulution.   The pattern* r»nK«d fron, «J« um   t-, 4 489 
um1   .ppropriat«  dimen.ions for the 10-14 urntameer 
eo^inouhil cell».   This method provides « new technique ior 
2£>T«II» onto »ano- and roicronmeter scale patterns 
foranalyzi.iß cellular biochemical cascade events such as 
Safari« and studying cellular morpholoejcal ch««« ,n 
renpooKC to defined num.seuk untigenie stimulu». 

Keywords     -     Immunology.     nanofabrication. 
biomaieriub; xurfctCe modification- 

1. INTRODUCTION 

Kosinophilic granulocyies (eosinophils) play an important 
role in the host immune defense against parasite invasion [1^ 
These e*ocylotic cells synthesize eylotoxie proteins and 
store these proteins in secretory granules, where they are 
ready to be released onto the surface of a parasite [2]^ 
Eosinophüs contribute to the pathophysiology ol bronchral 
asthma [3] with activation of allergen-specif.c Ig&l  and 
1EG3 induced trough the Fc portion of the immunoglobulin 
molecules (rc^ll) [4].  Rosinophil cell Fc and complement 
receptor numbers vary dramatically between healthy pat.ents 
and   patients   with   cosinophilia   [5].      Eosinophils   are 
stimulated ami degranulate tn response to aymosan (yeast 
cell walls) [6], IgG- coated Sephadex beads [7], IgAcoated 
beads [8], and lipid mediators leukotriene B« (LTB4) and 
platclc activating factor (PAF) [9], Whole cell P**^> 
Unique bus been used to Study the terete electrical 
impedance   changes   during   compound   «oeytntis   and 
cumulative fusion (Hfl.   Cellular adhesion through the B2 

integnn is an important step in eosmopbi   ««<» «J 
accumulation as demonstrated by eosmoph.l tending to lgG 
coated sepharose beads and by binding '«°n ™* 
membrane  antibodies  against C01X  and CDUb-the  U, 
integral ligands [11]. 

Micron-scale patterning of biomolecules is an aelivc area 
of research as the microelectronics technology merges with 
biology [121. Patterning biomatcrials on the micro- and 
nanometer scales «llow n more focused method for cell 

stimulation than bath application of the b.omatenal. Several 
different   methods   have   been   used   to   m.cropatterned 
biOirmtcriHls and ehcmicals on solid substrates for cell 
interrogation.   Photoparteming has been used to spatially 
distribute biomolecules, such as enzymes, antibodies, and 
nucleic acids, for the development of biochips on silicon, 
glass   and plastic substrates [12].    A printing techn.que 
called   microcontacl   printing   (\xC?)   process   uses   a 
poly(dimethyl   siloxane)  (l'DMS)  elastomenc  stamp  w 
pattern a wide array of and biomatcrtals [141.[15],[16]. 
Microfnbrication  techniques were used  lo mtcropattern 
bovine serum albumin and horseradish peroxiclase [17J. 
uCP has been used lo pattern cell adhesion proteins to 
immobilize and direct neuronal and astrogl.al cell growth on 
glass  substrates  [18]J.19I-     Deep  plasma  etchmg  and 
photoplastics we« used to create POMS stamps to pattern 
different cell suspensions to specific locations of a t.ssue 
culture substiatc L19J. 

Many different cell lypes have been exposed to pa tcrncd 
biomaterials on solid substrates. £.c»l. 0157*17 cells were 
captured from a solution using PDMS stamped ant.- E.colt 
0157-H7 for a diffraction grating biosensor [20]. Neuronal 
and filia cells were also patterned using light-assisted 
iunctionaliscd photoresists 1221. A silicon rnicromachtned 
flow-through chamber has bee» designed lor the 
'entrapment' of chick embryo spinal cord neurons as a 
model system for biological neural networks 123J. 
Differentiated B104 neuroblastoma cells were 
mieropaltcmcd un four substrates lo determine the preferred 
support substrate [24]. 

This paper presents n method for patterning a surlaee wilt 
antibodies   that   serve   as   a   stimulus   for   eosmoplnl 
immobilization, activation and degranulation.   A patterned 
BSAanü-DSA lgG complex serves «s a model stimulus lor 
eosinophils- Vapor deposited Parylene, di-para-xylylene. is 
conformally deposited over the silicon substrate and used as 
a pinholc-frce barrier between the solution and the substrate. 
Conventional photolithography and reactive! ion etching 
(R1E) are used to pattern the polymer [25].  After the BSA 
incubation, ihe samples ore incubated with Alcxa-594- 
conjugated anti-BSA IgG solution.   Ihe urununospecifiuty 
of me antigen allows Alexa-594-eonjugated ant.-BSA IgG 
molecules to bind specifically to the patterned substrate. 
The samples are subsequently immersed in buffer soluuon 
and the Parylene layer is mechanically removed.   Micro- 
and nanometer square patterns are formed using a polymei 
lift-off method [26] (Fig. 1).  Eosinophils are pipetted onto 
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Ihe patterned surface (Fig. 2). Time series epi fluorescence 
microscopy occurs immediately after cell addition to delect 
real lime cell immobilization, morphological changes, and 
degranulation. 

II. METHODOLOGY 

it Hiot«u<itMi,*fcr 

Jk   M»actW*limHuwnc 

1) Silicon Wafer Preparation and Parylene Deposition: 
3-inch <l-0-0> N/phos type wafers (Silicon Qwest, Int'l, 
Santa Clara, CA) are cleaned in base and acid baths to 
remove surface contaminants. The wafers are baked at 
1100'C for 50 minutes and annealed for 10 minutes in a wet 
oxide process to grow a 500-nm thermal oxide lnyor in the 
silicon substrate. Pig. 1 details the fabrication steps used for 
the parylene lift-off technique. A pinhole-free conformal 
layer of Parylene is deposited onlo 3-inch silicon waters 
using the PDS-2010 Labcoaier 2 parylene deposition system 
(Specialty Coating Systems, Indianapolis, IN). The polymer 
thickness is dependent upon the amount of evaporated 
polymer. 1.5 g of Parylene C dimer is used to deposit a 1- 
um thick Parylene film on five 3-inch silicon wafers. 

2) Photolithography. 1.5 \xm of OCG_OiR 897-12i 
photoresist (Shipley, Marlboro. MA) is applied to the 
Parylene-eoated silicon wafers. The samples are pre-baked 
for 1 minute at 90*C and exposed using standard 
photolithographic techniques with a 10X stepper (Fig, la). 
After development, the exposed portions of the Parylene 
film are postbaked for 90 seconds at 115*C and are 
subjected to an oxygen-based KIE step using tliePI asma 
Therm 72 with an RF power density al 0.255 W/em2 (Fig. 
lb). After etching, the samples are dipped into a beaker of 
acetone to remove residual photoresist, rinsed with 
isopropyl alcohol, and washed in deionized water. The 
samples are then dried with a nitrogen gas stream. 

3) Silanizalion of Silicon: 3-aminopropaltrielhoxysilanc 
(3-AI'TS, Sigma-Aldrich, Milwaukee, Wl) solution is 
prepared in a 50-mL amber bottle using 0.5-mL of 3-APTS 
and 24.0 mL of acetone in a nitrogen purged glovcbox to 
create a 2% silane solution. The silanizalion step began by 
cleaning 1 cm2 silicon chips in a Harrick Plasma 
Cleaner/Sterilizer PDC 3-G for 1 minute. The chips are 
removed and plueeil in 100°C Milli-Q filtered wnler for 30 
minutes. The silicon chips ate nitrogen dried then quickly 
inserted into the bottled silane solution and incubated in a 
closed container for 30 minutes. The chips arc removed, 
washed in acetone for 5 minutes, immersed in isopropyl 
alcohol and deionized water, and baked on a hotplate at 
70°C. 

1«, M-UNIJi'M. 

id, UUMII41KC<MI*MJWI 

]<- P«jtmnR«ifd 

If. Rajt.Bf Ml bimnbUfeulm 

USX **""'w,', ; 

ijgj h.*,.,i.i.„w. : 
3SS »AMI ! 
BMA j 

Fig. I. Procoss flow «clumMic of ih« (abnwliun steps, (it) PutleminE of 
1.5 um of OCG_OiR 897-121 phoiorcsi« using optical liünwaphy. (b) 
Kcnctive iun etching of 1.0 urn layer of Pnrylcne C dtmcr and subsequent 
removal of the top ohmoftKigt 1»y»f. (c) Application uf 3- 
aminnpropyllrictlwiyiiilaiic layer In a plasm« clouted silicon snbktrult- (iT) 
Application or 100 ug/ml rt$A and JO ng/ral imti-BSA litG. («) 
Mechanical parylene removal wirli tweezers, resulting in * surfne« wiili 
patterned Alcxn 594-BSA.-anri-BSA complex, (f) ImmuHiliziiiion of 
eusinophils lu the pnllems l-'c(tgG) surtiice. 

USA 

Slltoon 

Fig. 2.    Schematic of cntinophil cell binding to F» Mil of Alexrt 594 
conjugated anri-BSA antibody on silicon substrate. 

4) BSA and Anli-DSA IgG Preparation: Bovine Scrum 
Albumin (BSA) (Sigma-Aldrich, Milwaukee, WI) is 
reconstituted to 10 mg/ml and used to create 1U0, 10. and 1 
Hg/ml dilutions. A 30 ul drop of 2 mM BSA solution is 
placed on the Parylene-patiemed substrate for 60 minutes, 
as illustrated in Fig. lc. Polyclonal, mouse anti-BSA IgG 
molecules (Sigma-Aldrich, Milwaukee, Wl) and stained 
with NHS-Alexa 594 dye (Molecular Prubcs, Eugene, OR). 
The IgG stock solution is diluted to 100 ng/ml, 7.4 pH in 
phosphate buffered saline (PBS).  Samples are incubated in 
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35-mm plastic Pelri dishes (Fisher Chemicals, Pittsburgh, 
PA). Alcxa 594-conjugated anti-BSA IgG is applied onto 
the pattern and incubated lor 30 minutes. After the 
incubation, the sample remains immersed in aqueous 
solution while being transferred to a second Milli-Q water 
beaker in a 35-mm Pelri dish. The Parylune is removed 
mechanically by peeling ii off the substrate with tweezers in 
Solution. The polymer film is shed easily in one contiguous 
piece from the substrate. The resulting sample contains 
patterned antigen-Ab complexes ns illustrated ill Fig. 1(1. 

5) Eosinophil Cell Preparation and Immobilization; 
Fresh blood is drawn from the jugular veins of horses, 
eosinophils are isolated, and are purified over discontinuous 
Pcrcoll gradients as previously described [27]. Purified 
eosinophils are suspended in Medium 199 (Sigma-Aldrich, 
Milwaukee, WI) containing 4 mM glutamine, 4.2 inM 
NaHC03 and penicillin/streptomycin (Sigma-Aldrich, 
Milwaukee, WI) (pH 7.2-7,3)1 stored at room temperature 
and used within 24 hours. The cellsu spension is incubated 
for 45 minutes in LysoTraekcr Green (Molecular Probes, 
Eugene. OR). The samples arc placed in the bottom 
indentation of 35mm petri dish (Mat Tek, Ashland, MA) 
containing 2 ml of PBS buffer. 50 ul of 1.9 x 106 cells/ml 
Solution is pipetted directly onto the patterned silicon chips. 
Time series epiftuorescence imaging begins immediately 
after cell application using an Olympus AX 70 upright 
microscope with a 60X watcT immersion objective and 
Omega Optical filler seis (Bratlleboro, VT). Alcxa 594 dye 
is observed with a SlO-590-nm excitation/590-nm emission 
filter sei and LysoTraekcr Green is observed with a 450- 
490-nm exciiation/520-nm emission filier sei. Images arc 
captured using a Spot CCD camera (Diagnostic Instruments, 
Inc., Sterling Heights, MI). Cells are fixed with 3.7% 
parafonnaldehyde (Sigma, Milwaukee, WI) for long-term 
storage. 

HI. RESULTS 

In this report, we describe the micro- and nanometer scale 
arrays of patterned Ab for cell stimulation, lest the patterned 
surface antigeniciry with functional antibodies, develop a 
method for immobilizing eosinophil cells to the pattern, 
analyze the cells' preferential binding to the patterned 
surface, and detect eosinophil degranulation events aller cell 
ineubalion on the pattern. 

Kig. 3a illustrates Alexa 594-conjugaled anli-BSA IgG 
squares with sub 600-nm widths on the lower right to 67-u.m 
squares on the upper left) on a silicon substrate using the 
Parylene lift-off technique. This matnx of patterns 
demonstrates the wide range of sizes attainable with this 
patterning technique. 500 nm resolution isapp roximatcly 
the lowest phoropatterning threshold attainable using the 
10X stepper. A statistical analysis showed that the average 
relative aerial density of fluorcscently labeled antigen to the 
background is at least 150 limes greater in the exposed 
regions than in the lift-off regions [28]. 

HB- JU «nil 3b. (ii) tpitliioicsccm image of panonied Aloxa-594 
ciinjugaied ami USA ;»riiiboiUes specifiuilly bound to patterned USA on 
silicon subsume. Suile bur is 70 am tind the lorgcfir squire is 67 am. (b) 
fiojinojihil tells (green) immobilized lo Ihe purtemed nmibody mom*. 
Scale bm is 19 pm imd the period between doi* is l.fi um, 

Fig. 3b illustrates the immobilization of horse eosinophils 
to Ihe BSA-anli-BSA IgG complexes. Horse eosinophils 
were used since they have large granules thai are easy to 
visualize during microscopy. This binding is similar 10 the 
experiments using immunuglobulin coated Sepharose heads 
detailed in the introduction- This method provides 
information that Sepharose beads do not offer, Hirst, diis 
method can be used to determine ihe spatial distribution and 
size of patterned fc stimuli required for eosinophil 
activation and degranulation. Second, this technique allows 
eosinophil migration to be analyzed over the planar 
patterned surface. 

Fig. 4a shows the initial state and Fig. 4b shows the same 
region after 5 minutes. These images demonstrate clear 
morphological changes are occurring on Ihe substrate. 
Consequently, the circled regions in this image show 
possible   fusion   and/or   degranulation   events   may   be 
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occurring. Further experimentation with patch clamp 
amperotometry will be required to confirm that these 
changes are taking place. 

IV. DISCUSSION 

imaging provides a mean» to study spatial-temporal changes 
associated with stimulation and degramilsilion. 

This technique offers a new versatile tool to pattern 
antigen and other bioimitcrial onto solid substrates with 
feature sizes below 600 mil, 

This technique may be useful to determine if fusion events 
and degranulation events may be occurring on the patterned 
substrate using fluorescence imaging. The signal observed 
in unpattcrncd regions is comparable to the signal observed 
on a blank, new silicon wafer surface. Thus, the 
unpattterned regions show negligible binding. Uniformity 
of the final patterned biomaterial relies upon an optimized 
photoresist thickness of 1.5 |.tm and Parylenc thickness 1.0 
Urn, photolithography precision, optimized RJE duration to 
prevent under- and overetching, and sufficient biomaterial 
incnbiilion time. Application of 1 iim of Parylenc and 1.5 
urn of photoresist provided optimal conditions for polymer 
removal and resolution. 

Anti-BSA Ab are used to confirm the specificity of the 
binding onto Lhc patterned BSA and provide a surface rich 
in Fc fragments onto which eosinophils can bind und be 
stimulated. The patterned antigen did not spread from the 
confined ptiltum regions and were still isolated after a month 
of storage in aqueous solution. 

The Parylenc lift-off technique offers a rapid and precise 
way to create supported micro- and niinometer-seule 
patterns. These patterns can be used to capture other 
biomaterials from solution and integrated into biosensors, 
bioMEMS, and biological assay systems. 

There are several advantages of this technique. The 
Parylenc film removal can be performed at any step during 
the processing. Therefore, multiple reagents ean he added 
to the initial patterned surface prior to Parylene removtd, 
This would allow subsequent reagents to be added at high 
concentrations and maximal binding without concern lor 
nonspecific binding on unpattemed surface areas. Parylene 
is biologicully compatible polymer, provides a eonfonnal 
coating with low permeability, and can be removed with a 
one-step mechanical lift-off. This technique permits the 
sample to remain submerged in solution so tharth e 
functional molecules are not denatured when dried. 
Parylene does not have a permanent bond with the substrate, 
thus allowing easy removal in one piece. The conformal 
film of Parylenc is pinhole-free, so no unwanted patterning 
occurs in unexposed regions. 

V. CONCLUSION 

We have demonstrated a method for precise patterning 
antigen at the micro- and nanometer scale for cell 
stimulation. The anligenicity is wmfirmed by binding 
fluorescent antibodies onto the patterned surface. 
Eosinophil cells are effectively immobilized on the 
patterned surface. The eosinophils demonstrated 
preferential binding to the patterned surface.  Time course 

4a 

4b 

fig, 4n will 4b, bpilWresiente imuges ut'rosinuphils interacting with the 
patterned svibsn-.iie. (;i) F,w invpliil jnirnicliun wiih lhc substrate I minute 
after application, (h) Eoninophil mtcraciinn wiih ilie si'bslrM* 6 minute? 
after upplicnliun. Murphulugicul ihunges ton be observed in the cell» with 
white circles I liu tull will) ilie lop urrvw iipptmis ID lose n green granule nt 
hs base. The cell wiih ilie lowci anew appears li m;iy b;ivc dccranulaleil 
from ire ccmcr onro ilie pniicm. Parch chmp.-.m, peroiomeiry will he 
■«quired to coiitinii iltiii ilie-ie Lhftiifces arc taking pluce Scale bar is 15 (im. 
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