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Executive Summary

L. Overview

Molecualar tranggxut in thin fitms i pertinent o a wide spectrum of energy-relevant technologies,
especially those critical to molecolar scparations. Traditional undersianding of diffusion and salvent mo-
tion has relied on continuwm level descriptions, driven peimarily by experimental work in masToscopic
samples, However, as technology pushes te #ver shorter length scales, continuum approachss are not
adequate, so it is critical to develop molecular-level structures and concepts to address ransport problems.
Our laboratory has focwsed on developing spatially Jocatized chemistries which can produce structures of
contrelled architecture on the supermolecular fength scale - structures which allow us to coniro] the mo-
tion of molecitlar species with high spatial resohintion, gitimatzly on nanometer length scales, In this pro-
ject period we have addressed nanofluidicmicoofluldic hybeid architectores which, becauss they are com-
petant to menipulate samples with sub-fenmtoliter characteristic volumnes and attomole sampie amounts,
extend moleculer separations and multidimensional chemical analyses to samples in & size range not pre-
viously addressable. In particwlar our work has focused on the specigl transport properiics of nanccapil-
lary array membranes {(MCAMs) using both peessure and elecirokinetic driving forces.

11. Highlights from this Project Peried

In the current project period we have concentrated on the parallel goals of (1} understanding
transport apd Imetfaciat chemistry in nanofloidic/microfluidic hybrid swehitectures, and {2} optimizing the
functional utility of nanemeter-diameter capillary interconnects dpetweem microfividic layers. The high-
light= of work carried out during the current project period ineiwde {numbered references refer o the list
of DOE-supported publications below):

+ Optical {laser inchuced flucrescence, LIF) and electronic characterization of fluid flow in micre-
fiidicinanofividic Infond structumes has been couphed 1o meshiess molecalar dynamics and com-
pract model simulations to understand the driving forces behind differential jon transport in nano-
capillariss. [3,6]

* Transport in single nanopores has been characterized by both optical {4r microseope single
malscule flucrazcence} and alacmical measuremenis. A robust steategy for the preparaion and
transfer of thin polymethyimethacrylate (PMMA) films contsining single pores was developed
and ebectrical condoctivity studies have been implemented with polyelectrolytes. [2,9]

* Volhage and thermally-activated polymer swilches have been developed for active control of
transport In NCAMs, Thermally-switchable and size-selective transpert was achieved by grafling
poly(N-isoprepylacrylamide) (PNTPAAM) brushes cate the exterior surface of a Au-coated paly-
varbonate irack-etched membrane, while poly(hydrexyethylmethacrylaie} (PHEMA) has been
used for voltage-gated applications. [5,10]

»  Molecular recopnition [DNAxyme) motifs have been incorporated in the interior of nanopotes,
and thvir tnterfactal chemistry hag been characterized. These experiments open the way for
“flow-through™ chesmical sensing which time-inteprates the analyte signal allowing uliralow lim-
#ts of detection and operation in & dosimeter format. [4]
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s Electrophoretic sepacations Iave been coupled to analyte sampling both by LIF and mass spec-
trosustry. Detection of slectrophomsis separation products by electrospray mass speciromety
was achieved through direct interfacing of the microfluidic clectrophoresis capillary to a mass
spectrometer. LIF was used to charactorize PH(TE) interactions with a nanopore-immobilized
DNAzyme in an NCAM-coupled imegrated microflvidic strocture, Thus, cation separation: have
been conpled to mokecukar beacon detection motifs for the determination of PB{IT) ia the challenp-
ing matrix represented by slectroplating sludgs. By changing the DNAzyme to salect for other
oompemids of interest, reuttiple sensing systems can be incorporated within o single device,
thereby achicving great Bexibility. [4,7)]

v Ay cobloids have been tested as specific ransfer agenis to capture componerts released from
NCAMs. Themodynamic binding parametors were obtained from isotherm data, and the kinetjes
of Au colloid-adsorbate assembly reactions were acquired in a single-shot image afier reactive
mixing through an NCAM. Binding to easily manipulated carriers, such a5 Au colloids facilitabes
the chip-to-world ioterface, thereby enabling confimatory essays by oftf-chip tools, such as mass
specirometry. [1,8]

il Summarty

The namoral range of sample sizes addressed by the smdies here i3 = 1 fmol; a size rangs which is
relevant 1o two very important classes of problems where melecular separations play a cnucial roke: sam-
ples in which the analyte mass amount is inheremtly lmited, and samples in which some property, 2 g.
roxicity, cost of acquisition, e#. limits the sample size. The first contiraint arises naturally in many bio-
logically criented shadiez, especially those in which single cell or sub-single cell phenamena ave targeted.
The maimral sconomy of living systems dictates that the interssting active componeats of cellular machin-
ery are often precent in excesdingly small amaants. This problem is maost acutely portrwyed within the
comext of peatssenice, in which the “copy number” problem is well-known, The second category is
graphically illustramed by the varlous classes of toxios, 2 g. the potent class of nasrotoxins derived from £
botulirune, foc which the inherently low LDy, values dictete thal they be handbed in exmremely small quan-
tithes.

The spacial challenges posed by saparations and analytical determinations in these mass-limited
samples dictated the specific forus of our efforts, nanely: (1) to understand the unique nature of elec-
trokinetic trangport at the nanvscals; and (2) t¢ extend the fonctional utility of the integrated nanofluidic-
microfluidic architectures. To address the first objective we initiated electrical and opticat studies of
transport in NCAME and in membranes containing single nanopores. The functional utility of intagrated
microfluidic devices was extended by developing interfaces for LIF and mass specirometric detection ss
well as intelligent molecular gating strategies based on vohage- and thermally-induced free volome tran-
sitions in network polymers. Thus, work supported by the DGE in this peoject period addreszsed both
deep fundamental questions of nduring interest swrrounding the apecial nature of molecular transport at
small leagth scales, as weil as questions of geeat practical utility, such as the capacity to couple molecular
and lonic separations in these architectures to powerful detection imodalities, e, mass spectrometry and
lasar Induced fluorescence, and to extend the capahilities 1o size-dependent molecular gating by exploit-
ing free volume tramsitions in network polymers.
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