Integrated-Optic Nanoparticle Biosensor Arrays

Steve Blait, Farhad Mahda¢j Jérome Weng&rDavy Gérard
L2University of Utah, Dept. of Electrical and CompuiEgineering,
Salt Lake City, UT 84112, USA. E-mdilair@ece.utah.edu

34 nstitut Fresnel, Domaine Universitaire de Saintalée, CNRS,
Marseille, France

ABSTRACT: Under IREE support, we have establishedllaboration with the
MOSAIC group at the Institut Fresnel, in Marseilletance. The collaboration
centers around photophysical properties of metalatavities. The Pl spent a total
of four weeks in France (mostly in Marseille, watllew days in Grenoble) while Mr.
Mahdavi spent just over 14 weeks. The primary fadudr. Mahdavi's PhD studies
is the computational analysis of light propagatidghrough sub-wavelength
nanocavities. While in Marseille, he was able #otigipate in experimental studies
of light transmission and single-molecule fluoresme through nanocavities; these
studies provide experimental results with which clmmpare simulation. One
important result in particular is the observatiofi @ 12x fluorescence enhancement
in a gold nanocavity, compared to a factor of 6mban aluminum nanocavity.
Simulation results are consistent with this obstora Further experimental results
were obtained with different nanocavity shapes sldvant computational studies
are underway. As a result of these efforts, wécgmatte submitting one or more
papers combining experimental and computationaliltes We have begun studies
of energy transfer within nanocavities; these stsdwill continue beyond the
duration of the IREE award. We also anticipatetthather researcher exchange
between the two groups will occur in the future.



INTRODUCTION
The parent award is to the University of Utah.

Activities associated with the parent award incluttee study of fluorescence
enhancement mechanisms in metallic nanocavitiepattised to form an array [1]
(apertures were etched in ~100nm thick metals, wdiameters ~100-250nm)
Furthermore, our group has investigated the useaabcavities as real-time biosensors
[2], and the use of microfluidics to overcome maassport limitations in biosensors.
Enhancements of 7x have been obtained using naitiesan gold. We have developed
computational models to describe the two mechanisvaved in this enhancement —
enhancement in excitation intensity, and enhancémenolecular emission [3].

The MOSAIC research group at Institut Fresnel hagopmed more recent studies of
single molecule fluorescence from isolated metahoeavities [4, 5] and has
demonstrated similar enhancements (~6.5x) withinmalum holes. This work is
performed in close collaboration with Prof. Ebbésemoup at ISIS (Strasbourg, France).
They have proposed a computational model for etkoitaenhancement [6], which well-
describes their early experimental results, andjsstg that the bulk of the enhancement
occurs during excitation. The key question we wdnto address was the relative
contribution between the excitation and emissiolna@eement mechanisms. Additional
guestions include the role of the metal, the rélhe nanocavity shape, and the influence
of localized surface plasmon resonances at theseafgbe aperture.

Going into the collaboration, we anticipated a nembf outcomes. Foremost among
them was to obtain additional experimental data eohancement factors versus
nanocavity geometry with which to compare simulatioGeometrical factors include
nanocavity shape and thickness. Additional factiockide the effects of metal (gold or
aluminum) and excitation and emission wavelengthdlith these data, we plan to
determine the relative contributions between eKoita and emission enhancement
effects. The final outcome was to establish a l@sging collaboration between the two
groups, starting with our visit to Marseille, amddling to further exchange of researchers
and joint publications.

Broadly speaking, the MOSAIC group at Institut Frasis a group of physicists and
biologists who develop novel optical approachesstody cellular architecture and
biophysical processes. Of closer relevance totrdneel award, they employ isolated
nanometric apertures milled in a metallic film tohance the fluorescence emission of
single molecules, an effort led by Dr. Wenger. okgrertures possess a number of
desirable properties for biophotonics, such aslilwatgon of excitation light within the
nanocavities, strong isolation from emission pradldy unbound species, and an
apparent increase in absorption and emission yieid. simplicity of the structures and
their ease of use should further expand their aggtin towards the real-time detection
and identification of a low number of molecules.

IREE travelers (Salt Lake City to Marseille):
Steve Blair - Oct. 9-21, 2006; Feb. 3-17, 2007
Farhad Mahdavi - Oct. 9 — Dec. 22, 2006; Jan. E2b- 16, 2007



RESEARCH ACTIVITIES AND ACCOMPLISHMENTS OF THE
INTERNATIONAL COOPERATION
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Figure 1: experimental setup for confocal fluoreseecorrelation spectroscopy developed in Marseille
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Figure 2: Scheme for the investigation of a singperture milled in an opaque metallic film and &ng
molecule fluorescence enhancement factors obtain@dircular aperture.

The common thread between the groups at Utah astitutnFresnel is the study of

fluorescence enhancement in metal nanocavities.ch Egroup has used different

experimental and computational approaches, bugrigps have achieved similar results.
The experimental FCS setup at Institut Fresnel. (Fignd 2) is the more flexible in that it

detects individual molecules from a solution enwirent that interrogate single

nanocavities, while the computational methods atHre more flexible in that they do
not impose restrictions on the symmetry of the cotaional domain. Based upon these
factors, the collaboration is a natural one, wighdfits to both parties.

Prior to the actual visitation, Prof. Blair and DNenger communicated about the
proposed research program and discussed the ndtyosamples that were needed.
Based upon his on-going collaboration with Profb&en’s group in Strasbourg, Dr.
Wenger was able to arrange the fabrication of navibcsamples on gold and aluminum
of various sizes and shapes. During the Prof.rBléirst visit in October 2006, we then

laid out a detailed workplan to be accomplishedendBEE travel support. The program
began with the measurement of light transmissiagoutph individual nanocavities of

different shapes, following with the measurementflabrescence enhancement from
these structures. From there, we wanted to pregreshe measurement of energy
transfer between two dye molecules within a nanibgavThroughout, we wanted to

support the measurements with calculations.

During Mr. Mahdavi’s stay in Marseille, he was igtated into the MOSAIC group by
sharing office space with the postdoc involvedhia experimental efforts (Dr. Gérard)
and also by close interaction with the project &xd@r. Wenger). Mr. Mahdavi was also
able to interact with the theoretical/computatiogabup led by Prof. Evgeny Popov,
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which was an extraordinarily valuable experiencé&/hile he spent most of his time
performing calculations according to experimentingpeperformed, Mr. Mahdavi did
assist with experimental efforts and gained betpgreciation for experimental research.

The range of activities undertaken during Mr. Mah@avisit is far too broad to describe
here, so only a few of these activities will be Hlighted. One example is the optical
properties of rectangular nanocavities. Light $raission measurements were performed
by Ebbesen’'s group in Strasbourg and Mr. Mahdavifopmed corresponding
simulations to this published data. The resuléssitown in Figs. 3 and 4, where very
good qualitative agreement is obtained with theeexpental data displayed in the inset.
The additional transmission peaks shown in the lsitimns are due to the differences in
normalization methods, but the shifts (and changesmagnitudes) in the main
transmission peaks with aspect ratio are very stersi with experiments.
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Figure 3. Computed transmission spectra through e e st F o+ =
single rectangular apertures in a silver film. Figure 4. Computed dipolar emission
enhancement within a rectangular aperture.

Some of the key new experimental results are showthe experimental curves below,
which illustrate enhancements in single-molecul®réscence with different nanocavity
shapes and different metals. The experimentallteesegarding the influence of the
aperture shape appeared really surprising, as taeg to contradict some of the
numerical computations. We are still investigatihg reasons for the different behavior
observed experimentally, but we presumably infenesalefects with the two samples of
we investigated. However, the increased enhanceoi#atned for nanocavities in gold
is expected and explained by theory due to thetgré#luence of surface plasmons.
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Figure 5. Influence of the aperture shape on the
fluorescence enhancement

Finally, during the last two weeks of our visit, Wwatiated measurements on the effects
of nanocavity confinement on fluorescence-resonagcergy transfer (FRET) using
samples of DNA with controlled separation betwega tlye molecules (Cy-3 and Alexa-
648) that we designed and synthesized at Utah. IDeiveg efficient FRET molecular
systems was challenging, and the initial resultthiwithe nanoapertures were hard to
interpret, but we are continuing with this effort.

Figure 6. Influence of the metal on fluorescence
enhancement for circular nanoapertures.



BROADER |MPACTS OF THE INTERNATIONAL TRAVEL

The original scope of the parent award was to stludyescence enhancement effects in
metallic nanocavities. The additional perspectioffiered by the collaboration were to

extend these studies into the single-molecule regamd to interact with another group
with similar interests in the photophysics and dgital applications of these structures.
Due to their close interaction with Prof. Ebbesegreup, our collaborators at Institut

Fresnel had more ready access to samples of vanmials and geometries. Two

activities were initiated that expand the origisebpe of our research. The first was look
at the effects of metal. Our group has been fataseusing gold due to primarily to its

advantageous chemical properties [2], whereas m#mr groups, including our hosts,

use aluminum. Based upon the experimental measmtenomparing enhancements
from the two metals, we plan to submit a joint pedtion including the experimental

results along with supporting computational resultbe second activity was the study of
energy transfer within nanocavities. These studieson-going and we anticipate another
joint publication describing the results. A keyussis whether nanocavity confinement
simply increases the radiative emission of bothsdgeresults in an actual increase in
Forster radius, where the latter would be of gresitmificance.

The IREE supported travel has fostered a longen-terteraction between the two
groups. For example, Dr. Wenger is consideringn@djpg part of an upcoming sabbatical
at Utah. We are also considering establishing aemegular exchange of scientists
between the two groups, preferably involving Phidents from each side. In addition
to this exchange of personnel, we also have sammifi scientific exchange planned in
terms of completing and publishing results from eigit and establishing additional
areas of scientific collaboration. We plan to magdin in mid-June in Dijon for Surface
Plasmon Photonics 3 conference.

Mr. Mahdavi experienced life in Marseille throudtetaid of a friend who guided him.
He discovered that Marseille was very rich in cdtiand history. Part of the tour
included the opportunity to sample various winesardgille is also a good place to
sample African and Mediterranean food. Mr. Mahdaatl the chance to attend French
classes for international students. During thé&, e traveled to Strasburg to visit Prof.
Ebbesen’s group at the Université Louis Pasteuof. Ebbesen published the original
paper on light transmission through arrays of matalocavities, which created a new
field of study in nanophotonics, and continueseartvolved in seminal work in the field.
While there, he gave a presentation about Utahoandesearch, and met with Dr. Jean-
Marie Lehn (1987 Nobel Prize in Chemistry, whoserlwlaid the foundation of the
important field of supramolecular chemistry) as lwad Prof. Ebbesen and Dr. José
Dintinger, who performs most of the sample fabraatnd measurement. Overall, Mr.
Mahdavi felt that the experience was very positine helpful to his PhD research and to
his overall appreciation of the broader scope amdi@ation of nanophotonics.



DISCUSSION AND SUMMARY

One important scientific accomplishment was to shioavsignificant difference between
fluorescence from aluminum and gold nanocavitiekicky in retrospect, should have
been anticipated, but was nonetheless surprisindirstt, especially by the high
enhancement factors and the high count rates pécoles obtained. We now have
enough comparisons between experimental and cotignah results to suggest that
there is reasonable correlation between the twlowalg us to better understand the
photophysical processes involved in nanocavities.al$o anticipate additional outcomes
of scientific importance to materialize. For exaempthe relative contribution between
excitation and emission enhancement mechanisntillisrgler study, but we expect to
arrive at some general conclusions and publishrékelts (the emission calculations are
significantly more involved than the excitation @ahtions, and thus take more time to
complete). Finally, we have established what weeekfp be a longer-term collaboration
and exchange between the two groups, which isfgignt in its own right.

The IREE program is of high value and impact anoluth definitely be supported on an
on-going, NSF-wide basis. Much of its value liestlre fact that this type of travel
support is difficult to obtain through other sowgceThe award is especially valuable for
CAREER awardees, and perhaps a mechanism shoutaplbemented for new CAREER
proposals to include an international collaborattmmponent via an IREE supplement
(which is granted with the parent award). It woudd beneficial for the CAREER
awardees themselves to be able to travel for aanded period of time.

Additional recommendations:

« it would be beneficial to include some support éorepresentative from the host
laboratory to travel to the awardee site, perhaisinva month of completion of
the awardee’s travel. This would allow for follayp- and planning for continued
collaboration and exchange.

e due to the length of stay of the main traveler,viimg some additional travel
support for one short trip home would be nice.olm case, Mr. Mahdavi's stay
overlapped the Christmas/New Year’s holidays, soeierned during that time to
be with his family (also, the Institut Fresnel vedesed during that time).

e an issue we encountered was that the living alleedor the extended stay didn't
quite cover expenses, shortening the traveler'y stanewhat. The allowable
amount should be increased by about 15%, but tHisstrongly vary depending
upon location.
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