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Self-assembly is well-known for creating nanoscale or molecular
scale patterns with simple forms (thin films, particles, or fibérs).
In conjunction with “Templates Synthesis”, self-assembly can
provide many useful nanostructures (e.g., nanowires, nanorods, and
nanotubules) by constrained assembly on a tempitdtelowever,
this approach is slow and it is difficult to produce multifunctional
structures in deep channels. External forces such as pressure,
magnetism, and capillary forces have been successfully used to
assist the assembly process on a two-dimensional flat stiféte.
Electrochemical processes like electroforming and anodization,
on the other hand, can continuously bring fresh reactants (i.e., ions)
toward the reaction interface (one electrode) by electric forée.
They are widely used in the production of metal molds/stampers for
mlcrpfabncatlon. By combining self-assembly and electr_o_chemlcal Figure 1. (a) Schematic and the streak images of (b) lip vortex near the
forming concepts, we have recently demonstrated that silica assemsmall end, and (c) a double vortex inside the converging channel. Channel
bly on the surface of conically shaped nanochannels (nanonozzleedges are outlined for clarity and the scale bars in panels b and c present
array) can be achieved by electrokinetic flows (EK#)* Unlike 20 um and 20Qum, respectively.
electroforming where the electrolytes migrate from one electrode to
the other and deposit, an electrostatically charged nanofluidic tem- £
plate is placed between the two electrodes in our dynamic assembly d«/
process such that electrolytes can be intercepted on the template sur- Q\
face. Silica was successfully grown on a nanochannel surface, yield- 1
ing further size reduction and mechanical property reinforcement. 9 -
In this study, we further investigate this EKF-induced dynamic 1
assembly process in a two-dimensional converging microchannel, d/
which is 300um long, 40um deep, and 2@m wide at the small p "]N
end and 13Qum at the large end. Polymeric (e.g., polyethylene -
terephthalate (PET) and polymethyl methacrylate (PMMA)) chan- Small End Large End
nels were fabricated by photolithography followed by hot emboss- Figure 2. The evolution of surfacé-potential distribution and associated
ng. Poleyamine hycrochiorde, PAH, Mo 720000) was LM R AT ST, ) el i B,
anchored onto the pO!Ymer channel S‘?r_face by polyelectrolyte double vortex, aﬁd (1 negativgly charged zor)1/e covering the entire channel
multilayer (PEM) deposition to form a positively charged surféice.  gyrface.
Negatively charged polystyrene nanoparticles with fluorescence (40
nm, Polysciences) were used for assembly with dhgicid Dsmai tion of the wall vortex and its direction of circulation inside the con-
end ratio equal to 0.0025, similar to the nanonozzle arrays used in verging channel comes from the interactions of electrophoresis (EP)
our silica assembly study. The dynamic assembly was carried outof charged species, electroosmotic flow (EO) from charged channel
by applying a 60 V/cm electric bias across the converging channel surface, and the induced pressure-driven backflow. A detailed mecha-
(from the large end to the small end). The process was recordednism of the vortex formation is described elsewh€ér&he initial
using inverted fluorescence microscopy (TE2000S, Nikon, Japan) lip and wall vortex directions of circulation are shown in Figure 2|
with a 12-bit high-resolution camera (CoolSNAP HQ, Roper when the channel surface is positively charged. The lip vortices
Scientific), and the flow pattern was visualized in a way widely slowed down the particle movement, allowing deposition near the
used by other researchéfsThe fluorescence intensity along the lip area. At the same time, the main flow in the center of the channel
channel wall was also measured to determine the extent of continuously brought fresh reactants to the vortices and prevented
nanoparticle deposition on the solid surface. the channel from blocking by particles. As a result, the surface
A pair of lip vortices was observed outside the small end, while potential at the small end became less positive and gradually
a pair of double vortices was formed near the wall inside the tapered changed to negative when nanoparticles were continually deposited.
channel during the dynamic assembly process (Figure 1). Strong hy-A ¢-potential gradient appeared along the channel surface leading
drodynamic interactions and electroosmotic flow (EO) at the small to the formation of new vortices near the small end (Figure 211). A
end of the channel are believed to be the main reasons for the for-stagnation point (or a stagnation plane if considering the depth di-
mation of lip vortices and their direction of circulation. The forma- rection in the 3D flow) was formed at the location where the new
 Department of Chemical and Biomolecular Engineering. vortex met the _existing vortex_. Some nanpparticles in the circulation
* Department of Mechanical Engineering. flow fell into this region, leading to the primary assembly between
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the PAH layer and nanoparticles because stagnation provided little '5"";_ (@)
motion and a long residence time for nanoparticles. As more par- b
ticles were deposited, thiepotential profile on the channel surface
kept changing. This double vortex gradually moved toward the large
end, resulting in the migration of the stagnation interface, or the
frontline of the primary dynamic assembly. The compounded trajec-
tory profile of the double vortex in Figure 1c shows such migration.
Although multiple vortex circulation has been reported by using i -
patterned surface charge or nonplanar surface topogféphgur N TR
results showed, for the first time, the moving double vortex and its Teme, seconds

application to dynamic assembly. The assembly continued after the
stagnation region moved away because of the presence of the wall
vortex. Compared to the primary assembly, the assembly rate result-
ing from the wall vortex alone was much lower because nanopar-
ticles were brought near the surface by the recirculation flow, not by
the stagnation. Also, the channel surface behind the assembly front
became less effective for further electrostatic deposition as the sur-
face charge changed from positive to negative. Eventually, the entire
channel surface charge turned to negative and the double vortex dis-
appeared. The lip and wall vortices circulated in opposite directions
(Figure 2111), compared to the initial condition. Using fluorescence Tirme, seconds

labeled nanoparticles, this dynamic assembly process was clearlyrigure 3. Growth curves of dynamic assembly (a) continuous feeding and
observed under microscopy (see the movie in Supporting Informa- (b) multiple dosages feeding with the insert figure for feeding with single
tion). The measured fluorescence intensity at four different locations dose. Letters-af label different locations on the surface of the converging

| th . h | f S in Ei 3 h channel, starting with “a” near the small end. The fluorescence intensity
aiong the converging channel surtace IS given Iin Figure 5a, WNere .o a|ates with the amount of nanoparticle deposition.

Bhgoiilgd c?;tentdofh nanopartlc_les in the s_uspenTlon Wa:_s ;‘b_l?#tdimensional converging channel surface. A two-stage assembly was
) Wt %, and the suspension was continuously supplied. The ;cq e g owing to the migrating double vortex in the channel. The

assembly started from the small end and extended gradually towardassembly started from the small end of the converging channel and
the large end. Near the small end, there was a rapid growth stag

i Cextended gradually toward the large end. Continuous feeding of
(primary assembly) followed by a much_ slower c_me_(secondary diluted suspensions provides a uniform deposition on the channel
assembly). For the surface agsembly starting early, its final assemblysurface, while the feeding of multiple dosages can result in gradient
level was caught up s_equentlr_:llly by the surface where the assemblyOlr multimaterial assembly.

was delayed for various periods. Eventually the assembly along

the whole channel surface would reach a uniform and saturated Acknowledgment. The authors thank the NSF Center for
level. The two-stage assembly was pronounced near the small endAffordable Nanoengineering of Polymeric Biomedical Devices for
and became less clear when approaching the large end. financial support (Grant No. EEC-0425626).

Even though uniform assembly is useful, gradient and multima- Supporting Information Available: Movies (avi) and figures of

terial assembly can also be attractiferhis can be achieved by  this dynamic assembly process. This material is available free of charge
using either concentrated suspensions, a gradient PAH surfaceyia the Internet at http://pubs.acs.org.

pulsatile feeding, periodic electric pulses, or a combination of these.
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