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Advantages of Nanotechnology at the
Solid-Liquid Interface

Andreas Stemmer*, Patrick Mesquida, and Nicola Naujoks

Abstract: Nanotechnology at the solid-liquid interface offers attractive prospects but also poses formidable
challenges. Nature has evolved a vast range of functional nanostructures operating in the liquid environment
of cells. Such natural nanostructures might be employed as building blocks for artificial nanodevices. To this
end novel strategies for nanofabrication need to be developed by taking advantage of basic principles
underlying nano-assembly in nature. Here we discuss one such technique, the electrostatically guided at-
tachment of nanoparticles and proteins to localized charges deposited at the solid-liquid interface.
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1. Introduction and technology. Purification of proteins, foR. Electrostatic Targeting
example, often takes placda chroma-
Nature has evolved a vast range of fungegraphy, adsorption or desorption steps Electric fields have proven to be ex-
tional nanostructures operating in cells twhereby a liquid phase containing the praremely powerful to transport and separate
supply them with energy, generate force fdeins interacts with a stationary solid phasenolecules by electrophoresis and the field
motility, facilitate and control the transcrip-The degree of separation and purificatioffom localized charges can also guide op-
tion of DNA into RNA and the translation achieved by these techniques depends pasitely charged objects to attach at specif-
of the RNA code into proteins, to name juste strength of attraction between proteinis sites. On the macroscopic scale, this prin-
a few examples. From a technologicand the solid phase. Similarly, electromiple is exemplified by the well-known
viewpoint it appears attractive to explorenicroscopists imaging biomolecules realxerography [1] where the localized deposi-
how such biological hanomachines coulized that the structural integrity of theirtion of toner particles on paper is guided
be employed as functional building blocksamples and, therefore, the relevance by electrostatic attraction. Of course, one
in artificial nanodevicese.g. supplying a their studies, critically depend on the intermight wonder whether the principle of
medical implant with energy extracted andction forces experienced by the moleculesgrography could be applied to nanostruc-
converted from the surrounding tissue aadsorbed from solution to the solid specikures and biological objects, in particular
body fluid rather than a battery. Such biomen support required for microscopy. Alsince the latter typically require an ionic
logical nanostructures typically rely on ghough the techniques mentioned in thenvironment where electric charges get
liquid environment of appropriate ionicabove examples deal with nanostructureapidly screened due to the short Debye
strength to maintain structure and functiorand rely on interaction forces acting ovelengths. Electrostatic targeting, therefore,
Since their coupling to the macroscopidistances on the nanometer scale and lmsuld only be effective in the immediate
world will most likely occuwvia some solid low, they are not considered ‘nanotechnolsicinity of localized charges.e. over sepa-
state substrate, nanotechnology almost ingy’ because they lack a crucial comporations of a micrometer or less, but not over
evitably has to focus on the solid-liquid innent, namely localization and the contrdlarger distances. The capability of guiding
terface. Clearly, the solid-liquid interfaceover it. Technologically, localization on theand attracting nanostructures over distances
has been recognized as a crucial componesub-micrometer scale is typically achievethrger than a micrometer, however, is of im-
for interaction with nanostructures long beby lithography. However, the well estabportance to allow for solutions carrying
fore the current enthusiasm for nanoscientished routes known from semiconductomoderately concentrated nanostructures to
microfabrication are not designed to takeninimize the risk of coalescence by colli-
advantage of direct targeting of nanostrusion prior to the localized deposition. Inter-
tures to specified locations as observed &stingly, the conflicting requirements of (i)
living cells, rather they rely on the use ohanostructures being surrounded by an ion-
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2.1. Transport Medium posited charge are controlled by the heigi&3. Particle Attachment

The range of the electrostatic interacef the voltage pulses applied to the tip and Fig. 2 illustrates the three steps in selec-
tion responsible for guiding and attractinghe thickness of the fluorocarbon electretve particle attachment guided by electro-
nanostructures to localized electric chargéayer [4]. Higher voltage pulses lead tcstatic attraction. After a pattern of negative
in a solid substrate can be increased byore charge deposited and a broader chargfearges has been written onto the substrate,
replacing the aqueous solution with a nordistribution. The pulse duration has little efpositively charged nanoparticles in the non-
polar solvent such as heptane or a fluoréect on the charging process provided thgolar transport medium are drawn along the
carbon liquidj.e. by lowering the dielectric applied pulse lasts longer than a single taptectric field lines to the negative charges
constant of the medium. Whereas nanging cycle. Therefore we may conclude thatvhere they firmly attach. Fig. 3 shows a
structures easily become charged in aharge is only transferred during the firspattern of four lines with attached 20 nm Au
aqueous environmerg,g. viadissociation tap. Thin fluorocarbon layers of only a fewparticles fabricated by this process. To this
of surface groups, the charging mechanisten nanometer thickness allow for higheend four electrified lines of about 403
in a nonpolar medium is different. The pheresolution in charge writing than thick onedength and at a distance of about (1
nomenological rule of Coehn [3] states thathe charge patterns deposited by AFM mdyom each other were written by applying
upon contact between two different dieledbe analyzed with the same tip by operatingpltage pulses of —60 V height, 1 ms length
tric materials the one with the higher dithe AFM in the Kelvin probe force modeand a repetition rate of 50 Hz while draw-
electric constant will charge up positively[5]. Apparent dot sizes as small as 100 ning the AFM tip at a velocity of 1Qm/s
Thus silica nanoparticles € 3.7) become in diameter are achieved with standard caaeross the sample. The sample was a pol-
positively charged when suspended in thidever tips. Charges are conveniently writished Si-wafer coated with a 100 nm fluo-
fluorocarbon liquid FC-77¢(= 1.86). Al- ten in air but are equally well depositedocarbon layer produced by plasma en-
though initially observed for the solid—lig-with the substrate and cantilever tip sulldanced chemical vapor deposition. The
uid interface Coehn’s rule apparently alsmerged in the insulating liquid transportolloidal gold particles were initially sus-
holds for the liquid—liquid interfaces.g. medium. pended in water and had to be transferred
water dropletsg= 80) emulsified in FC-77
charge up positively (Fig. 1), although th

two charging mechanisms may not be ide Soikd R0 S0l In HO
tical. This charging effect is very useful fo ke ik a e
targeting nanoparticles suspended in wa *O_“ % + +@+
to localized charges deposited on a suitah! oy . . i3 gt

substrate. The water droplets act as carri
for the suspended nanoparticles and pr

vide the appropriate ionic environmen

required for their cargo. Relative to the sur:

rounding nonpolar medium of lower dielec

tric constant the surface of the watel

droplets is positively charged and thue o . . o .
the droplets will be attracted by negativ
charges on the substrate.

2.2. Cha_rge Lithography . Fig. 1. Positive charging of solid materials and water droplets immersed

~ Localized charges can be stored in & va; 5 nonpolar liquid of lower dielectric constant. Coulomb forces direct
riety of materials commonly known as electhe charged particles and droplets to negative charges on the solid sub-
trets. So far we have investigated silicostrate.

dioxide, poly(methylmetacrylate) (PMMA)

and Teflon-like fluorocarbon layers for Pariiclss
their charge storing properties. Teflon i

known to offer excellent charge-storing AFM Tip ® @ )
properties but localized charges can Kk @ ®

stored in all of the mentioned materials
Negative charges may be deposited by co
ventional electron beam lithography; how
ever, in view of nanofabrication directly a
the solid—liquid interface we opted fof
charge depositiovia a conductive tip of an
atomic force microscope (AFM). To this
end we apply voltage pulses of define
length and height to highly doped silicor
cantilevers operated in tapping mode. B

scanning the AFM tip across the substraj 1. Charge writing 2, Developing 3. Particle attaching
arbitrary charge patterns can be create

Opergtlng the AFM in contact mode WhlleFig. 2. Electrostatic targeting of nanoparticles to localized charge patterns on a solid substrate.
applylng voltage pulses may lead ,to a d‘,"m:f'he charge pattern is generated by applying voltage pulses to the conductive tip of an atomic
aged tip or sample surface. The dimensioR§ce microscope. Charged particles of opposite polarity suspended in a nonpolar transfer lig-
of the charged area and the amount of deid are attracted to the pattern and attach there.
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into the nonpolar FC-77 liquid by sonicationtunities. State-of-the-art microfabricatiorenvironment for the corrosion reaction and,
This resulted in small positively chargedechnology, for instance, faces a tremeiin addition, serves as transport medium for
water droplets containing gold nanopartidous ‘dust-problem’ and solves #ia removing the dissolved reaction products.
cles. One might expect the citrate-stabilizeldighly expensive clean-room facilities. Of
gold nanopatrticles carrying negative chargesurse, small particles have a strong ten- How much nanotechnology can we en-
in water to be repelled by the negativelgency to stick wherever they land and musisage at the solid—liquid interface? Look-
charged lines. However, the AFM topographe prevented from doing so, but living celléng at living cells probably a lot. The key is-
shown in Fig. 3 demonstrates that the par@ssemble their molecular machinery in asue is how to translate basic principles that
cles firmly attach to the negatively chargeénvironment crowded by many compoevolved in nature into technologies accessi-
lines in the substrate since the image was atents without interference. Cells achievble by today’s means. Much knowledge on
quired after air-drying of the sample. Contrathis taskvia specificity,i.e. components to particular aspects of such basic principles
experiments with positively charged linebe assembled need not only fit together mbas accumulated in separate scientific dis-
showed no particle attachment. chanically but their fit must also be enereiplines. The challenge for advancing nan-
Fig. 4 displays first results of guidedgetically favorable to remain stable. Interetechnology at the solid—liquid interface,
deposition of proteins to electrified line pataction energies, however, are much easittrerefore, is not solely a technical one but
terns. The protein avidin, dissolved in phoguned in liquid than in air or vacuum sincegqually well one of incorporating insights
phate buffered saline (PBS), was emulsfer instance, attractive van der Waals forcesdfered by a multitude of distinct disci-
fied into the fluorocarbon liquid FC-77 bymay be deliberately opposed by Coulomplines.
sonication. Thus, the PBS-droplets contairferces. A liquid environment also serves as
ing avidin molecules charged up positivelya convenient transport medium. Brownian Received: August 19, 2002
and were attracted to negative charge patiotion does not appear to pose a problem
terns written into the substrate, a thin layesince it can be easily biased by the applicét] J. Mort, ‘The Anatomy of Xerography: Its
of PMMA spin-coated onto a polishedtion of electric fields as we have shown  Invention and Evolution’, McFarland,
Si-wafer. above. In fact, in nanotechnology at the soj-, -ondon.1983

areve. ; ; ii] (a) P. Mesquida, A. StemmeXgdv. Mater.
id—liquid interface Brownian motion and 2001 13, 1395; (b) P. Mesquida, A. Stem-

thermal energy in general provide a con-  mer Microelectronic Engineerin2002
3. Prospects venient means to differentiate between  61-62 671.

specific and non-specific interactions. Thg8] A. Coehn, U. RaydtAnnalen der Physik

Nanotechnology at the solid—liquid in-liquid environment also need not have a V. Folge1909 30, 777.

terface is still in its infancy. Whereas imagmerely passive role. For instance, suf4l P. Mesquida, H.F. Knapp, A. Stemmer,
ing of delicate nanostructures submerged micrometer electric circuit paths in alu-_ Surf. Interface Anal002 33, 159.
liquid by AFM has matured into a reliableminum thin films can be fabricated directlyls] ﬁ)K MWi g‘(?gr?%gmaﬁgi’ 'IVI'FF:'h SBLOG%Le’
technique, their handling for controlled botat the metal-water interface by the simple 1993 5g 2921 (b)?—Lo. ggéobs,}/A.. Stem-
tom-up assembly at specified locations stilipplication of localized heag.g. by a mer, Surf. Interface Anall999 27, 361.
faces many challenges. Yet, the liquid envifocused low-power laser beam [6]. Hergs] D. Haefliger, A. Stemmerppl. Phys. A
ronment also offers many unique oppomwater provides a suitable electrochemical 2002 74, 115.

Fig. 3. Gold nanoparticles of 20 nm diameter attached to four nega- Fig. 4. The protein avidin deposited on negatively charged lines of
tively char.ged lines. Substrate is a pollshed'Sl-wafer coated with a different width. AFM amplitude image of the deposited protein ag-
100 nm thick fluorocarbon layer. Image size is 60 um x 60 pum. gregates (top) and Kelvin probe image (bottom) of the negatively

charged lines. Substrate is a polished Si-wafer coated with a 150 nm
thick PMMA layer. Image size is 40 pm x 20 pm.



