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 Selective Nanopatterning of Protein via Ion-Induced 
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 The surface immobilization of protein as a form of micro/

nanoarray is very important for fundamental biological 

studies including proteomics and cell research. [  1–3  ]  Mini-

aturizing the spot size not only leads to the minimized use 

of protein, but also maximize the effi ciency of reaction. [  4  ,  5  ]  

Selective immobilization onto the designated sites is partic-

ularly important as well as maintaining high spatial resolu-

tion down to the nanoscale to prevent unwanted nonspecifi c 

protein interactions. [  6  ,  7  ]  Most previous attempts to form 

protein nanoarrays were done based on dip-pen nanolitho-

graphy, which has been demonstrated as able to ensure nano-

scale resolution with high selectivity. [  8–13  ]  However, dip-pen 

lithography is inherently a serial process, even though a par-

allel approach was recently reported. [  12  ]  Previously developed 

parallel methods for patterning proteins include microcon-

tact printing, [  14  ,  15  ]  ink jet printing, [  16  ,  17  ]  optical printing, [  18  ]  

dielectrophoretic deposition, [  19  ]  photolithography, [  20  ]  and 

electrospray deposition. [  21–24  ]  However, they have diffi culty 

in providing nanoscale resolution over large areas. Recently, 

an interesting study of microcontact printing was reported to 

produce submicrometer-scale virus arrays. [  25  ]  

 Here, we report the parallel generation of protein nano-

arrays with 50–130 nm features ensuring high selectivity, as 

well as microarrays, by utilizing the ion-induced focusing con-

cept. [  26  ,  27  ]  Moreover, we demonstrate that protein nanoparti-

cles can be precisely guided and selectively deposited onto the 

deep bottom surface within microchannels that may be used 

as a platform for novel microfl uidic devices for fundamental 

biological studies such as the guided growth of cells. [  28  ]  The 
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protein activity after deposition is confi rmed to be preserved. 

To demonstrate the viability of the present approach, a new 

design of metal-enhanced fl uorescence (MEF) substrate was 

prepared by sequentially patterning silver nanoparticles and 

then fl uorescence-tagged protein nanoparticles precisely on 

the top of silver nanoparticle pattern, without nonspecifi c 

adsorption. 

 To form micro/nano protein arrays in a parallel way, we 

fi rst generate charged protein aerosols and the same-polarity 

ions as the particles via the electrospraying of protein solu-

tion, which is then injected into an electrostatic precipitator 

chamber under a given electric fi eld where a SiO 2  prepat-

terned silicone substrate is located.  Figure    1   illustrates the 

experimental set-up for producing micro/nano protein arrays 

utilizing both electrospraying of the protein solution and 

the concept of an ion-induced electrostatic lens. In injecting 

conductive protein suspension into the needle and putting it 

under a high voltage, a Taylor cone jet is formed where the 

equilibrium between the electric-fi eld-induced force and the 

surface tension is established. Through the cone jet, charged 

droplets are generated and sprayed. [  29  ]  The droplet includes 

protein particles that were originally dispersed in the sol-

vent and eventually evaporates, generating charged protein 

nanoparticles and ions having mostly the same polarity. Even 

though positive electrospray could generate negative drop-

lets, their fraction is an order of magnitude less compared to 

positive droplets. [  30  ]  Since negative potential is applied to the 

substrate, only positive droplets are attracted to the substrate. 

While ions are fi rst deposited on both the conducting (Si) 

and nonconducting (SiO 2 ) surfaces due to higher mobility 

of ions before the arrival of charged protein nanoparticles at 

the substrate, the ions deposited on the conducting Si surface 

are immediately neutralized, leaving ion charges on the SiO 2  

surface, which generates ion-induced nanoscopic electrostatic 

lenses. Through these lenses, the charged protein particles are 

guided to be convergently deposited only within the centre 

region on the open Si surface. In this way, the feature size 

can be signifi cantly reduced and nanoscale protein arrays 

with selectivity can be realized within submicrometer prepat-

terns that can be readily fabricated by conventional photo-

lithography. Previously, the particle focusing phenomenon 

was observed after a suffi cient amount of charged particles 

were deposited on a Tefl on mask [  31  ]  or a photoresist prepat-

terend substrate. [  32  ,  33  ]  This approach could guide charged 
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    Figure  1 .     Experimental setup for producing micro/nanoarrays of protein. Charged protein aerosols are generated by electrospray. Jetting mode can 
be observed with CCD camera system. CO 2  carrier gas was chosen to suppress corona discharge at the needle tip. Generated ions fi rst deposit on 
the surface of prepattern and generate nanoscopic electrostatic lenses, through which charged protein aerosols are convergently deposited into 
the centre region on the open Si wafer. Vertical lines toward Si region indicate electrical fi eld lines and convex lines around the region indicate 
electrical equipotential lines.  
protein nanoparticles into the specifi c desired locus to avoid 

unwanted nonspecifi c adsorption.  

 We show that human IgG can be patterned using this 

method (see  Figure    2  ) where protein particles are conver-

gently deposited only in the centre regions (feature sizes 
    Figure  2 .     Images of focus-patterned human IgG with scanning electron microscopy and Alexa 
488-tagged monoclonal goat anti-human IgG fl uorescence image (absorption 495 nm, emission 
519 nm) with CLSM (scale bar  =  10  μ m). The height of deposited IgG is about 400 nm.  
approximately 500 nm in width and 400 nm 

in height) within 2  μ m circular and line 

patterns of SiO 2 . This implies that the 

electrostatic lens developed by ion depo-

sition reduces the feature size by approxi-

mately 4 times. It also confi rms that the 

selective immobilization of protein onto 

the desired locus is possible. To verify the 

protein activity after deposition, the pro-

tein arrays were reacted with dilute Alexa 

Fluor 488-tagged anti-human IgG solution 

(diluted with phosphate buffered saline 

(PBS), where the remnant anti-human 

IgG was later washed away using PBS 

and Tween-20 (PBST) solution). Figure  2  

shows the fl uorescence image of Alexa 488 

through confocal laser scanning micro-

scope (CLSM), which confi rms the reac-

tion of anti-human IgG and the deposited 

human IgG (a detailed procedure for fl uo-

rescent immunostaining is described in the 

Supporting Information (SI)).  

 The focused deposition of protein has 

also been done within submicrometer-

scale windows formed by 200 and 500 nm 

square photoresist (poly(methyl meth-

acylate), PMMA) patterns, as shown in 

 Figure    3  a,b. Due to the focusing effect 

mentioned, the feature size of protein pat-

terns has been reduced to approximately 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, 7, No. 13, 1790–1794
50 nm within 200 nm rectangular patterns and 130 nm within 

500 nm patterns, which demonstrates that protein nano-

arrays can be successfully made in a parallel fashion. A sim-

ilar result was also obtained using protein G (SI, Figure S1). 

We also attempted to guide protein nanoparticles 
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    Figure  3 .     Nanoarray of human IgG within a) 200 nm and b) 500 nm square 130 nm-thick 
PMMA patterns (scale bar  =  1  μ m). Cross-sectional view of collagen patterned in c) shallow 
and d) deep microchannels (scale bar  =  1  μ m).  
into a deep trench microchannel structure having various 

aspect ratios (height/width). Figure  3 c,d shows focused col-

lagen patterning on the bottom surfaces within two micro-

channels of different aspect ratios. Figure  3 c shows a 

cross-sectional view of deposition within a 1  μ m-deep and 

2  μ m-wide trench. Figure  3 d is that of 4  μ m-deep trench. In all 

cases, protein particles are deposited only in the centre region 

on the bottom surface. It is interesting to see the microtip 

structure of the proteins that have grown due to this focusing 

effect (see Figure  2 c,d). Simulations of protein particle tra-

jectories and deposition agree with experimental results. This 

may provide a possibility of engineering 3D micro/nanostruc-

tures consisting of protein nanoparticles. [  34  ]  Other cases with 

different aspect ratios can be found in the SI, Figure S2.  

 We simulated the deposition process of charged protein 

nanoparticles by calculating Lagrangian particle trajecto-

ries. [  35  ]  This has been done by solving the following Langevin 

equation for charged particle motion including the fl uid drag 

force ( F  D ), the Brownian force ( F  B ) due to the random bom-

bardment of surrounding gas molecules, the Coulomb force 

( F  C ) and a van der Waals force ( F  vdW ). 

mP
dvP
dt = FD + FB + FC + FvdW   

In the simulation, we used a representative size (26 nm) 

and a charge (108 elementary charges) of collagen protein 

particles which were determined from size and charge dis-

tribution measurements [  36  ,  37  ]  using a condensation nuclei 

counter (CNC, TSI 3022A) and transmission electron micro-

scopy. The surface charge density on the SiO 2  was assumed to 

be saturated and calculated to be about 5.4  ×  10  − 5  C m  − 2 . After 

solving the Poisson equation to obtain the electric fi elds using 

commercial fi nite element code (COMSOL 3.2), the trajec-

tories of particles were obtained by solving the above Lan-

gevin equation (details for the simulation of collagen particle 
2 www.small-journal.com © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, We
deposition are described in the SI). SI, 

Figure S2e shows the trajectories of collagen 

particles. The particles initially move down-

ward nearly straight lines and are defl ected 

near SiO 2  pattern surface following the con-

verging fi eld lines and fi nally deposit in the 

centre region. SI, Figure S2f,g show the depo-

sition profi le (top and cross-sectional view, 

respectively) confi rming the feature size 

reduction. SI, Figure S2g shows calculated 

deposited structure that looks like a Gaus-

sian function shape, which is in agreement 

with experimental results. 

 To show the viability of our approach, 

we prepared a new design of MEF substrate. 

Conventional MEF substrates are prepared 

by dipping the metal-patterned substrate 

into a protein solution, then washing away 

proteins adsorbed on the surface except the 

metal-pattern portions. This may require 

complicated surface modifi cation steps. [  38  ,  39  ]  

A complete removal of protein on the 

areas except the metal patterns may pose a 

problem. Our approach could guide different 
nanoparticles onto the same desired locus with nanoscale 

resolution. We fi rst deposited silver nanoparticles generated 

by a spark discharge method [  40  ]  into a triangular SiO 2  pat-

tern (see SI Figure S3) via our approach. Then, on top of the 

silver nanoparticle patterns, cysteine and human IgG-FITC 

(fl uorescein isothiocyanate) generated by electrospraying are 

selectively deposited using the same principle. In this way, 

we eliminated the problem of unwanted nonspecifi c adsorp-

tion of proteins. For comparison, we also prepared a sample 

having patterns of only human IgG-FITC without silver 

nanoparticle patterns.  Figure    4   shows that fl uorescent signals 

of the present design (human IgG-FITC on the top of silver 

nanoparticle) have been signifi cantly improved compared to 

the no-silver case. Since reactants are precisely delivered to 

the desired locus, effi cient use of each reactant is possible and 

background noise can be minimized.  

 In summary, we report the selective patterning of pro-

tein nanoparticles to designated loci on the substrate with 

nanoscale resolution utilizing both electrospraying of a 

protein solution and the ion-induced focusing principle. 

We have demonstrated the nanoarrays of proteins with a 

50 nm feature size within 200 nm SiO 2  square patterns and a 

130 nm feature size within 500 nm square patterns. We also 

successfully guided proteins into the deep bottom surface 

of high-aspect-ratio microchannels. The immobilization 

and the activity of protein were examined. Protein particle 

trajectory calculations support our experimental data. We 

fabricated MEF substrate having selective deposition of pro-

tein on the top of silver nanoparticle patterns and showed 

much enhanced fl uorescence signals compared to the case 

with protein only. The simplicity, parallel nature and nano-

scale resolution for selective patterns onto the desired 

location can be advantageous for biological and chemical 

analysis using protein micro/nanoarrays, cellular engineering, 

and related research. [  28  ]  
inheim small 2011, 7, No. 13, 1790–1794
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    Figure  4 .     Fluorescence images of IgG-FITC a) without silver particle and b) with silver particle. c) Signal intensity profi le of (a) and (b) following the 
red line in (a) and (b).  
  Experimental Section 

  Preparing Prepattern : SiO 2  micropatterning on p-type Si wafer 
was done by chemical vapor deposition (CVD) using Tetraethyl 
orthosilicate (TEOS). Photoresist AZ1512 was spin-coated and the 
pattern was transferred using typical photolithography. For the 
preparation of submicrometer patterns, PMMA solution is spin-
coated to 130 nm-thick layer and pattern was formed using e-beam 
lithography. The detailed procedure is described in the SI. 

  Electrospray Deposition of IgG and Protein G : All chemicals were 
purchased from Sigma except anti-IgG. Proteins are fi ltered using 
syringe fi lter (purchased from Corning) to separate agglomerated 
particles prior to use. IgG (from human serum, Sigma) was diluted 
with distilled water to 1 mg mL  − 1 . Flow rate of syringe pump when 
supplying antibody into the electrospray needle was 20  μ L h  − 1 . 
The voltage applied to the needle was  + 5 kV and  − 300 V was 
applied to the substrate. Between the needle and the substrate, 
the grounded copper plate with a hole of 5 mm is located. The 
carrier gas of generated protein particle was carbon dioxide (CO 2 ) 
and its fl ow rate was 1 L min  − 1 . The deposition time was 30 min. 
Protein G (G4689, Sigma) was diluted to 1  μ g mL  − 1  with distilled 
water and patterned to ZEP 520A (e-beam resist, Zeon Corp.) nano-
pattern with the same condition as done for IgG nanopatterning. 

  Collagen Electrospray Deposition : Type-III collagen (from human 
placenta, Sigma) was diluted to 0.2 mg mL  − 1 . Flow rate of syringe 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, 7, No. 13, 1790–1794
pump to supply collagen into the electrospray needle was 20  μ L h  − 1 . 
About  + 4 kV was applied voltage to the needle and  − 600 V 
was applied to the substrate. The carrier gas was CO 2  and its fl ow 
rate was 1 lpm as well. The deposition time was 30 min. 

  Metal-Enhanced Fluorescence of Silver Nanoparticle and 
IgG-FITC : N 2  ions are injected to substrate for 20 min using a 
corona charger. N 2  gas was fed to the charger at 4 lpm. Silver nano-
particles are generated by spark discharge method. [  40  ]  N 2  carrier 
gas was supplied to the chamber with the fl owrate of 4 lpm and 
the deposition time was 5 min. The thickness of SiO 2  layer was 
1  μ m. 10  − 3   M  cystein (Aldrich, 168149) solution was electrosprayed 
for 15 min and the substrate was incubated overnight. Human IgG-
FITC (Sigma, F9636) solution (0.2 mg mL  − 1 ) was electrosprayed for 
10 min and the substrate was incubated at 0  ° C for 4 h. [  39  ]  Fluores-
cence images were taken using a confocal microscoepe (Carl Zeiss 
LSM510). 

   Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author. 
1793H & Co. KGaA, Weinheim www.small-journal.com



C. G. Woo et al.

1794

communications
    Acknowledgements  

 This work was funded by the National CRI Center for Nano Par-
ticle Control supported by the Ministry of Education, Science, and 
Technology, Korea, as one of the Acceleration Research Programs. 
Support from the BK21 program and WCU (World Class Univer-
sity) multiscale mechanical design program (R31–2008–000–
10083–0) through the Korea Research Foundation funded by the 
Ministry of Education, Science, and Technology is also gratefully 
acknowledged.  

     [ 1 ]     G.   MacBeath  ,   S. L.   Schreiber  ,  Science   2000 ,  289 ,  1760 .  
     [ 2 ]     C. S.   Chen  ,   M.   Mrksich  ,   S.   Huang  ,   G. M.   Whitesides  ,   D. E.   Ingber  , 

 Science   1997 ,  276 ,  1425 .  
     [ 3 ]     S. H.   Ku  ,   J. S.   Lee  ,   C. B.   Park  ,  Langmuir   2010 ,  26 ,  15104 .  
     [ 4 ]     R.   Ekins  ,   F.   Chu  ,  Ann. Biol. Clin.—Paris   1992 ,  50 ,  337 .  
     [ 5 ]     M. F.   Templin  ,   D.   Stoll  ,   M.   Schrenk  ,   P. C.   Traub  ,   C. F.   Vohringer  , 

  T. O.   Joos  ,  Trends Biotechnol.   2002 ,  20 ,  160 .  
     [ 6 ]     M.   Mrksich  ,  Cell. Mol. Life Sci.   1998 ,  54 ,  653 .  
     [ 7 ]     A.   Rastogi  ,   S.   Nad  ,   M.   Tanaka  ,   N. D.   Mota  ,   M.   Tague  ,   B. A.   Baird  , 

  H.   c. D. Abruña  ,   C. K.   Ober  ,  Biomacromolecules   2009 ,  10 ,  2750 .  
     [ 8 ]     K. B.   Lee  ,   S. J.   Park  ,   C. A.   Mirkin  ,   J. C.   Smith  ,   M.   Mrksich  ,  Science  

 2002 ,  295 ,  1702 .  
     [ 9 ]     S. W.   Lee  ,   B. K.   Oh  ,   R. G.   Sanedrin  ,   K.   Salaita  ,   T.   Fujigaya  , 

  C. A.   Mirkin  ,  Adv. Mater   2006 ,  18 ,  1133 .  
    [ 10 ]     J. H.   Lim  ,   D. S.   Ginger  ,   K. B.   Lee  ,   J.   Heo  ,   J. M.   Nam  ,   C. A.   Mirkin  , 

 Angew. Chem. Int. Ed.   2003 ,  42 ,  2309 .  
    [ 11 ]     H.   Zhang  ,   K. B.   Lee  ,   Z.   Li  ,   C. A.   Mirkin  ,  Nanotechnology   2003 ,  14 , 

 1113 .  
    [ 12 ]     Z. J.   Zheng  ,   W. L.   Daniel  ,   L. R.   Giam  ,   F. W.   Huo  ,   A. J.   Senesi  , 

  G. F.   Zheng  ,   C. A.   Mirkin  ,  Angew. Chem. Int. Ed.   2009 ,  48 ,  7626 .  
    [ 13 ]     X. Z.   Zhou  ,   Y. H.   Chen  ,   B.   Li  ,   G.   Lu  ,   F. Y. C.   Boey  ,   J.   Ma  ,   H.   Zhang  , 

 Small   2008 ,  4 ,  1324 .  
    [ 14 ]     R. S.   Kane  ,   S.   Takayama  ,   E.   Ostuni  ,   D. E.   Ingber  ,   G. M.   Whitesides  , 

 Biomaterials   1999 ,  20 ,  2363 .  
    [ 15 ]     M.   Mrksich  ,   C. S.   Chen  ,   Y.   Xia  ,   L. E.   Dike  ,   D. E.   Ingber  ,   G. M.   Whitesides  , 

 Proc Natl Acad Sci USA   1996 ,  93 ,  10775 .  
    [ 16 ]     L.   Pardo  ,   W. C.   Wilson  ,   T. J.   Boland  ,  Langmuir   2003 ,  19 ,  1462 .  
    [ 17 ]     J. A.   Phillippi  ,   E.   Miller  ,   L.   Weiss  ,   J.   Huard  ,   A.   Waggoner  ,   P.   Campbell  , 

 Stem Cells   2008 ,  26 ,  127 .  
www.small-journal.com © 2011 Wiley-VCH Verlag 
    [ 18 ]     A.   Jamshidi  ,   S. L.   Neale  ,   K.   Yu  ,   P. J.   Pauzauskie  ,   P. J.   Schuck  , 
  J. K.   Valley  ,   H. Y.   Hsu  ,   A. T.   Ohta  ,   M. C.   Wu  ,  Nano Lett.   2009 ,  9 , 
 2921 .  

    [ 19 ]     T.   Yamamoto  ,   T.   Fujii  ,  Nanotechnology   2007 ,  18 .  
    [ 20 ]     E. E.   Hui  ,   S. N.   Bhatia  ,  Langmuir   2007 ,  23 ,  4103 .  
    [ 21 ]     N. V.   Avseenko  ,   T. Y.   Morozova  ,   F. I.   Ataullakhanov  ,   V. N.   Morozov  , 

 Anal. Chem.   2001 ,  73 ,  6047 .  
    [ 22 ]     P.   Bhatnagar  ,  Appl. Phys. Lett.   2007 ,  91 .  
    [ 23 ]     A.   Gomez  ,   D.   Bingham  ,   L.   de Juan  ,   K.   Tang  ,  J. Aerosol Sci.   1998 , 

 29 ,  561 .  
    [ 24 ]     V. N.   Morozov  ,   T. Y.   Morozova  ,  Anal. Chem.   1999 ,  71 ,  3110 .  
    [ 25 ]     A.   Horn  ,   S.   Hiltl  ,   A.   Fery  ,   A.   Böker  ,  Small   2010 ,  6 ,  2122 .  
    [ 26 ]     H.   Kim  ,   J.   Kim  ,   H. J.   Yang  ,   J.   Suh  ,   T.   Kim  ,   B. W.   Han  ,   S.   Kim  , 

  D. S.   Kim  ,   P. V.   Pikhitsa  ,   M.   Choi  ,  Nat. Nanotechnol.   2006 ,  1 ,  117 .  
    [ 27 ]     H.   Lee  ,   S.   You  ,   C. G.   Woo  ,   K.   Lim  ,   K.   Jun  ,   M.   Choi  ,  Appl. Phys. Lett.  

 2009 ,  94 ,  053104 .  
    [ 28 ]     A. M.   Taylor  ,   M.   Blurton-Jones  ,   S. W.   Rhee  ,   D. H.   Cribbs  , 

  C. W.   Cotman  ,   N. L.   Jeon  ,  Nat. Methods   2005 ,  2 ,  599 .  
    [ 29 ]     M. G.   Ikonomou  ,   A. T.   Blades  ,   P.   Kebarle  ,  Anal. Chem.   1991 ,  63 , 

 1989 .  
    [ 30 ]     J. T.   Maze  ,   T. C.   Jones  ,   M. F.   Jarrold  ,  J. Phys. Chem. A   2006 ,  110 , 

 1   2607 .  
    [ 31 ]     L.   Blumberg  ,   P.   Stein  ,   J.   Gursky  , Los Alamos Scientifi c Labora-

tory of the University of California Technical Report,  University of 
California ,  Los Alamos, New Mexico   1962 , p. 1 .  

    [ 32 ]     W.   Prost  ,   F. E.   Kruis  ,   F.   Otten  ,   K.   Nielsch  ,   B.   Rellinghaus  ,   U.   Auer  , 
  A.   Peled  ,   E. F.   Wassermann  ,   H.   Fissan  ,   F. J.   Tegude  ,  Microelectron. 
Eng.   1998 ,  535 ,  41 .  

    [ 33 ]     F.   Otten  ,   U.   Auer  ,   F. E.   Kruis  ,   W.   Prost  ,   F. J.   Tegude  ,   H.   Fissan  ,  Mat. 
Sci. Technol.   2002 ,  18 ,  717 .  

    [ 34 ]     H.   Lee  ,   S.   You  ,   P. V.   Pikhitsa  ,   J.   Kim  ,   S.   Kwon  ,   C. G.   Woo  ,   M.   Choi  , 
 Nano Lett.   2011 ,  11 ,  119 .  

    [ 35 ]     S.   You  ,   M.   Choi  ,  J. Aerosol Sci.   2007 ,  38 ,  1140 .  
    [ 36 ]     D. S.   Kim  ,   D. S.   Lee  ,   C. G.   Woo  ,   M.   Choi  ,  J. Aerosol Sci.   2006 ,  37 , 

 1876 .  
    [ 37 ]     J.   Suh  ,   B.   Han  ,   D. S.   Kim  ,   M.   Choi  ,  J. Aerosol Sci.   2005 ,  36 ,  1183 .  
    [ 38 ]     K.   Aslan  ,   P.   Holley  ,   C. D.   Geddes  ,  J. Mater. Chem.   2006 ,  16 ,  2846 .  
    [ 39 ]     S. S.   Shankar  ,   L.   Rizzello  ,   R.   Cingolani  ,   R.   Rinaldi  ,   P. P.   Pompa  , 

 ACS Nano   2009 ,  3 ,  893 .  
    [ 40 ]     S.   Schwyn  ,   E.   Garwin  ,   A.   Schmidt-Ott  ,  J. Aerosol Sci.   1988 ,  19 ,  639 .  

  Received: March 21, 2011
Published online: May 12, 2011  
GmbH & Co. KGaA, Weinheim small 2011, 7, No. 13, 1790–1794




