
gether leads us to conclude that earlier re- Smartt, in Infrared Solar Physics (International 
Astronomical Union Publ. 154, Parls, in press). 

ported detections of such dust rings are 14 C Lebecq, S. Koutchmy, G Stellmacher, Astron. 
unlikely to be due to "local" coronal dust Astrophys. 152, 157 (1 985) 
rings. 15 P. Lamy and S. Koutchmy, Bull. Am. Astron Soc. 
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Manipulation of the Wettability of Surfaces on the 
0.1 - to 1 -Micrometer Scale Through 

Micromachining and Molecular Self-Assembly 

Nicholas L. Abbott, John P. Folkers, George M. Whitesides* 
Micromachining allows the formation of micrometer-sized regions of bare gold on the 
surface of a gold film supporting a self-assembled monolayer (SAM) of alkanethiolate. A 
second SAM forms on the micromachined surfaces when the entire system-the remaining 
undisturbed gold-supported SAM and the micromachined features of bare gold-is ex- 
posed to a solution of dialkyl disulfide. By preparing an initial hydrophilic SAM from 
HS(CH,),,COOH, micromachining features into this SAM, and covering these features 
with a hydrophobic SAM formed from [CH,(CH,),,S],, it is possible to construct microme- 
ter-scale hydrophobic lines in a hydrophilic surface. These lines provide new structures with 
which to manipulate the shapes of liquid drops. 

A combination of micromachining (I) and 
molecular self-assembly provides the basis for 
a procedure that can be used to generate 
micrometer-scale patterns of contrasting sur- 
face properties. This procedure has three 
steps: (i) formation of an initial SAM of 
alkanethiolate on Au (2); (ii) generation of 
regions of bare Au in the SAM by microma- 
chining; and (iii) formation of a second SAM 
on these micromachined regions. Because the 
two SAMS can have different compositions 
and physical properties and because the 
shapes of the micromachined features (3) can 
be controlled. this orocess controls the char- 
acteristics of a surface with micrometer reso- 
lution without the use of photolithography. 
We illustrate the capability of this type of 

Department of Chemistry, Harvard University, Cam- 
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microfabrication by forming patterns of SAMs 
of contrasting wettability on Au surfaces and 
by using these patterns to manipulate the 
shapes of drops of water. 

The experimental procedure is sum- 
marized in Fig. 1. First, a hydrophilic 
SAM was formed by reaction of an Au film 
(4) with o-mercaptohexadecanoic acid 
[HS (CH,) ,5COOH] (5). The carboxylic acid 
group makes the surface hydrophilic, with 
wettability dependent on the pH of the water: 
the contact angle [measured under cyclooc- 
tane (5)] decreased from 0fz0 = 30" (pH 5) 
to <5" (pH 10). Second, 0.1- to l-pm 
features of bare Au were micromachined into 
the surface of the Au supporting the SAM. 
Either a surgical scalpel blade or the cut end of 
a carbon fiber was used as a tool (6). We used 
a 3 mN load on the tip of the scalpel to 
machine uniform grooves with macroscopic 
lengths (2 1 cm), widths of -1 km, and 

depths of -0.05 km (Fig. 2). The microma- 
chined grooves were bordered by two lips of 
raised metal (-0.1 pm high and -0.2 pm 
wide) formed by the plastic deformation of 
the Au during machining (7). Each lip 
Dresents an inclined surface to the edge of a - 
spreading drop of liquid and influences the 
wetting behavior of the surface. In contrast, 
much smaller lips of metal bordered the 
-0.1-pm-wide grooves that were formed 
with the tip of a carbon fiber (8). Third, a 
second, hydrophobic SAM was formed 
selectivelv on the bare Au features bv 
immersion of the micromachined surface 
in a solution of [CH,(CH2) ,,S],. We used 
a dialkyl disulfide in this step because the 
rate at which dialkyl disulfides replace 
surface thiolates in SAMs is -1/100 of 
that of the corresponding alkanethiols and 
thus the dialkyl disulfides minimize the 
modification of the properties of the orig- 
inal hydrophilic SAM while forming the 
second hydrophobic SAM (9, 10). 

Features on the 0.1- to l - L L ~  scale hav- 
ing contrasting wettability can pin the 
edges of drops of water. The extent of this 
pinning was influenced by the type of SAM 
within the micromachined groove and by 
the shape of the groove (1 I). We have used 
grooves 0.1 to 1 pm wide having hydropho- 
bic SAMs to manipulate the positions and 
the shapes of drops: several features that 
can be controlled are illustrated in Fig. 3. 

Micromachine 

COOH 
0.1 to1 prn 

Fig. 1. Schematic illustration of the formation of 
0.1- to l - p m  hydrophobic lines in a hydrophilic 
surface with micromachining and SAMs. We 
imply no asymmetry in the structure of the 
SAMs within the micromachined groove. Au, 
evaporated film of gold; Ti, evaporated film of 
titanium used to promole adhesion of the gold 
to the silicon wafer. 
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Fig. 2. Scanning electron micro- 
graphs of the scalpel (A and B) 
and the carbon fiber (D and E). 
The inset in (A) is a low-magnifi- 
cation image (x10) of the tip of 
the scalpel. The grooves [(C and 
F) (marked by an arrow)] were 
micromachined into an Au film 
bearing a SAM formed from 
HS(CHA,,COOH. The samples 
were fractured normal to the 
groove in liquid nitrogen for imag- 
ing. The sizes and shapes of the 
grooves are probably determined 
by local features of the tip of the 
scalpel and fiber. 

Fig 3. Top and side views of drops of water on 
a SAM formed from HS(CH,),,COOH and 
patterned with micrometer-scale microma- 
chined grooves (see Fig. 2C) supporting a 
SAM formed from [CH,(CH.J,,S],. (A) Dia- 
gram of grooves; (B) top view of drops; (C) 
side view of two drops separated by a hydro- 
phobic groove. The pH values of the buffered 
drops of water are shown in (A). The hydro- 
phobic line that forms the hypotenuse of the 
triangular drops of pH 10 water cuts off the top 
right corner of the rectangular drop; a dust 
particle can be seen on a triangular pH 10 
drop; and the circular edge of a pH 5 drop is 
slightly pinned. The dark regions in (C) are the 
two water drops, which almost meet at the 
hydrophobic line in the center of the photo- 
graph. The top surface of each dark region is 
the air-water interface, and the apparent bot- 
tom surface is caused by the reflection and 
diffraction of light in the vicinity of the closely 
positioned edges of the two drops. 

BODS can be ~ositioned with edges 
straight and can & pinned close togeth;tr: 
the resolution of a side view of two drops 
with edges pinned by a common, - l-pm- 
wide line is limited by the effects of dif- 
fraction and reflection, but the drop edges 
are clearly separated by less than 30 pm 
(1 2). The drops do not appear to commu- 
nicate with one another: a dye in one 
compartment remains localized and does 
not difise into neighboring compart- 

ments. The extent of wetting of the cor- 
ners of the pattern depends on the contact 
angle of the water on the SAM (and thus, 
in this system, on the pH of the water), 
the angle at the comer, and the volume of 
liquid in the drop. 

Control experiments in which the initial 
S A M  and the second SAM deposited on 
the surface of the micromachined features 
were both formed from HS (CH,) ,,COOH 
showed little or no pinning of a drop (pH 
lo, 0.05 M borate) (I I). Micromachined 
features with hydrophobic SAMs having 
0-1-pm widths showed a weaker tendency to 
pin a drop than those with 1-pm widths. We 
have not quantified the importance of the 
width of the groove and the shape of its edge 
in pinning the edge of the drop (1 3, 14). 

The combination of micromachining 
with molecular self-assembly offers a versa- 
tile procedure for manipulating the struc- 
ture and properties of surfaces and the 
shapes of liquids drops on them. Microma- 
chining provides both convenient access to 
small features and control over the geome- 
try of these features. By using simple proce- 
dures, we have generated features that are 
already smaller (0.1 pm) than those that 
can be routinely generated with optical 
lithography (1 5). With the use of improved 
micromachining tools (including the scan- 
ning tunneling microscope), it should be 
possible to extend this technique to create 
features as small as 10 nm or less. Molecular 
self-assembly is particularly useful as a part 
of this ~rocedure because it dlows mole- 
cules to'be adsorbed on very small features 
(< 1 nm) with high selectivity and because 
it permits sensitive control of the surface 
free energies (1 6). 

The procedure illustrated in Fig. 1 is an 
uncomplicated one that uses an Au sup- 
port, one width for the grooves, and two 
diEerent SAMs. The procedure can be ex- 
tended to other supports and geometries of 
the grooves and, through combinations of 
sequentid pattern formation and orthogo- 
nal self-assembly (1 7), to multiple combi- 
nations of SAMs. We believe that this 
procedure can be readily generalized and 
widely useful in controlled patterning of 
surfaces. It provides an alternative to opti- 
cal lithography and should be applicable to 
~roblems for which o~tical techniaues are 
not (such as, nonplanar substrates) and in 

'laboratories where optical lithography is 
not available. The ability to manipulate the 
shapes of drops should be applicable to 
problems in wetting and adhesion and to 
the characterization of surfaces (1 8). 

1. We rise the t m  "micromachining" to maan the 
roving of metal by a mechanical means rather 
than by chemical etching. 

2. R. G. Nuno and D. L. Allara. J. Am. Chem. Soc. 
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105, 4481 (1983): C. D. Bain and G. M. White- 
sides, Angew Chem. Int. Ed. Engl. 28, 506 
(1989), and references therein; G. M. Whitesides 
and P E Laibinis, Langmuir 6, 87 (1990), and 
references therein. 

3. We use the term "feature" to mean a region of the 
surface with a property that is distinguishable 
from its surroundings. 

4. The Au substrates were prepared by evaporation 
of 100 b, of Ti (99 999%) onto a polished Si(100) 
wafer (S~l~con Sense, Nashua, NH) followed by 
2000 b, of Au (99.999%) with an electron beam 
evaporator operating at a pressure of approxi- 
mately lo -=  torr. 

5. C. D Bain and G. M. Whitesides, Langmuir 5, 
1370 (1989); S. R. Holmes-Farley, C D. Bain, G. 
M. Whitesides, ibid 4, 921 (1988). 

6. The depth and width of the micromachined 
grooves could be controlled by varying the load 
(1.2 to 9.8 mN) on the tip of the scalpel blade 
(Feather Industries, Tokyo) and carbon fiber (di- 
ameter, 8 km). By using energy-dispersive x-ray 
fluorescence measurements, we detected no ev- 
idence of exposed Si with~n the micromachined 
groove 

7. The plastic deformation of the Au suggests that 
the machining pressure exceeded the yield 
strength of the Au. If we assume a scalpel tip area 
of 10 ym2 in contact with the Au surface, a load of 
3 mN corresponds to a tip pressure of 300 MPa. 
This pressure is greater than the yield strength of 
bulk Au (3.4 to 14 MPa, depending on thermal 
h~story) and comparable to the ultimate tensile 
strength of bulk Au (131 MPa) [E. M. Wise, Gold. 
Recovery, Properties, and Application (Van Nos- 
trand, New York, 1964)l. 

8. Scannlng electron microscopy (SEM) images of 
the tip of the carbon fiber showed a morphology 
resembling thin parallel sheets These tips some- 
times formed distinct parallel grooves, separated 
by as little as 0.1 ym. 

9. By using a dialkyl disulfide to form the second 
SAM, the exchange with thiolates of the first SAM 
can be reduced to less than 0.1%. For example, a 
SAM formed from CH,(CH,),,SH has been mea- 
sured, by using the contact angles of water on the 
SAM and x-ray photoelectron spectroscopy, to 
exchange less than 0.1% when exposed to a 0 1 
mM solution of [HO(CH,),,S], in ethanol for 10 s 
at 25°C (H. A. Biebuyck and G. M. Whitesides, 
unpublished results) 

10 We have also formed the second SAM using a 0.1 
mM solution of CF,(CF,),(CH,),SH in ethanol and 
very short (-1 s) adsorption t~mes. The rate of 
reaction of CF,(CF,),(CH,),SH with the bare Au is 
faster by a factor of 10 than the rate of its 
exchange into the first SAM [C. D. Ba~n et a/., J. 
Am. Chem. Soc. 111, 321 (1989); C. E. D. Chid- 
sey, C. R. Bertozzi, T. M. Putvinski, A. M. Mujsce, 
ibid. 112, 4301 (1990); D. M. Collard and M. A. 
Fox, Langmu~r 7, 1192 (1 991); C. D. Bain, H. A. 
Biebuyck, G. M Whitesldes, ibid. 5, 723 (1989)l. 

11. Although grooves formed with a load of 3 mN 
applied to the tip of the scalpel did not pin the 
edges of drops, grooves formed with larger loads 
(210 mN) showed a weak tendency to pin drops 
Because larger loads produce larger grooves, 
this suggests that the shapes of the grooves can 
influence the pinning of drops. 

12. Top views of the drops under an optical micro- 
scope indicated that the separation of the drops 
was 5 5  ym. 

13. These 0bSe~ati0nS are consistent with the estab- 
lished influence of "surface roughness" (including 
grooves) on the wetting of solid surfaces with 
liquids [P. G. de Gennes, Rev. Mod Phys. 57, 827 
(1985), and references therein]. 

14. Drops of water can also be pinned by "writing" lines 
of SAMs with liqu~d alkanethiols. In this case there is 
no deformation of the surface (H A. Biebuyck and 
G. M. Whitesides, unpublished results). 

15. We use the term "optical lithography'' to mean 
lithography with radiation wavelengths in the 
range 248 nm (KrF excimer laser) to 436 nm 
(mercury arc source) [J. Bruning, Opt. Photonics 
News 2, 23 (May 1991)l. 

16. The rate of lateral diffusion of molecules in the 19. Supported by the Office of Naval Research and 
SAM is unknown but may ultimately limit the the Defense Advanced Research Projects Agen- 
resolution of the method. cy. SEM images were obtained at the Harvard 

17. P. E. Laibinis, J. J. Hickman, M. S. Wrighton, G. M. University Materials Research Laboratory. We 
Whitesides, Science 245, 845 (1989) thank H. A Biebuyck for helpful suggestions and 

18. The analysis of wetting in the corners can yield ins~ghtful discussions. 
fundamental information such as the contact an- 
gle of the liquids on the SAMs. 17 April 1992, accepted 8 July 1992 

The Autographa californica Baculovirus Genome: 
Evidence for Multiple Replication Origins 

Margot Pearson, Rebecca Bjornson, George Pearson, 
George Rohrmann* 

The Autographa californica multinucleocapsid nuclear polyhedrosis virus (AcMNPV), 
which is used for the overexpression of eukaryotic genes and is being engineered for 
possible use as aviral insecticide, has a circular, supercoiled genome of approximately 128 
kilobases. Despite its widespread use, little is known about the mechanism by which 
AcMNPV replicates. Evidence is presented in this report that AcMNPV origins of DNA 
replication are repeated sequences each containing several closely related imperfect 
palindromes that are present in six regions distributed around the genome. Although 
AcMNPV infection-dependent plasmid replication was initiated by a single complete pal- 
indrome, the amount of replication was substantially increased in plasmids containing six 
or eight palindromes. 

T h e  AcMNPV genome contains a series of 
six homologous regions (hrs) designated hrl 
through hr5 (hr4 contains two hrs, designat- 
ed hr4L and hr4R, that are separated by 4 kb 
of DNA) (1-3). The five major hr regions 
vary in size from 0.4 to 1.0 kb and are 
separated on the AcMNPV genome by 
about 25, 42, 19, 15, and 15 kb of DNA, 
respectively (Fig. 1A). Each hr region con- 
tains from two to eight (for a total of 33) 
30-bp imperfect palindromes with naturally 
occurring Eco RI sites at their core (Fig. 
1B) (3). The palindrome sequences exhibit 
the following properties: (i) They have an 
invariant 10- to 12-bp core sequence. (ii) 
There are two areas of mismatches at 4 or 5 
bp and 10 or 11 bp from each Eco RI site. 
(iii) They are separated by about 83 + 34 
bp. (iv) They act as transcriptional enhanc- 
ers (2, 3). Cochran and Faulkner ( I )  orig- 
inally suggested that hrs may be baculo- 
virus replication origins. To test this hy- 
pothesis, we transfected a plasmid contain- 
ing the Hind 111-Q fragment into AcMNPV- 
infected Spodoptera fru&perda (Sf9) cells. 
This fragment contains hr5, which consists 
of six palindromes distributed over about 
600 bp of DNA (Fig. 1, A and B). DNA 
was subsequently extracted from the infect- 
ed cells and subjected to digestion by the 
endonuclease Dpn I, which exclusively 
cleaves the fully methylated restriction site 

M. Pearson, R. Bjornson, G. Rohrmann, Department of 
Agricultural Chem~stry, Oregon State University, Cor- 
vallis, OR 97331. 
G. Pearson, Department of Biochemistrv and Bioohvs- 

(GmeATC) (4). The Dpn I sites of bacte- 
rially produced p,lasmid DNA are fully 
methylated and can be cleaved by Dpn I. 
The sites in DNA replicated in eukaryotic 
cells are not methylated and are not digest- 
ed by Dpn I. Therefore, Dpn I is used to 
differentiate between input plasmid and 
plasmid DNA that has replicated in the 
eukaryotic cells (5). In this initial experi- 
ment, we found the plasmid containing hr5 
was amplified and became Dpn I-resistant 
after transfection into AcMNPV-infected 
Sf9 cells indicating that it had replicated. 
The vector, pBluescript (pBKS-, Strata- 
gene, La Jolla, California), was not repli- 
cated under these conditions. 

We constructed a series of deletion mu- 
tants from the AcMNPV Hind 111-Q region 
that yielded plasmids containing six, four, 
two, one, and an incomplete palindrome 
(Fig. 1, A and B). Individual constructs 
were transfected into AcMNPV-infected 
Sf9 cells. After 65 hours, total cellular 
DNA was extracted and was digested with 
Dpn I and then by Eco RI to linearize 
remaining plasmid DNA to facilitate anal- 
ysis. Duplicate samples of each DNA were 
also digested with Eco RI (without Dpn I) 
to allow determination of the relative 
amount of total plasmid DNA that had 
replicated. These samples were separated b i  
electrophoresis, blotted, and hybridized 
with pBKS- DNA probe. Replication of 
recombinant plasmids was demonstrated if 
the probe hybridized to Dpn I-resistant 
bands of identical size to the Eco RI- . , 

ics, Oregon state University, ~ o r v a l l i s , . ~ ~  97331 digested input plasmid DNA (Fig. 2A). 
*To whom correspondence should be addressed. Both pAcHdQ and pAcHdQL, which con- 
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