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Optical Sensors for Biomedical Applications

Himanshu Jain
Center for Optical Technologies and
Department of Materials Science and Engineering
Lehigh University, Bethlehem, PA 18015

Thrust Objective: Develop a new optical technology base
for biosensing at two levels: (a) the function of biological
cells, and (b) detection of biological molecules in analytes.

(a) Biophotonic imaging, manipulation (b) Infrared Optoelectronic
and detection of cellular signal Biological and Chemical
transduction at the molecular level Sensors

H.D. Ou-Yang H. Jain

<hdoO@lehigh.EDU> h.jain@lehigh.edu

This thrust builds bridge between COT and the Bio initiative at Lehigh.

Both teams have NSF funded research programs, including a recent $3.65M program
to establish International Materials Institute (IMI) for New Functionality in Glass, and a
$1.4M bioengineering educational program, that augment the thrust activities.

Focused Team proposals are pending.

Bio-Photonics Workshop
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Team A: Biophotonic Imaging, Manipulation and Detection fo

Cellular Signal Transduction at the Molecular Level
Lehigh H.D. Ou-Yang, L. Lowe-Krintz,_|. Biaggio. PSU: P. Butler, E. Sheets, V. Gopalan

Team Objective: Develop high spatial, temporal and spectral resolution optical
sensors to understand cell functions and communication at molecular level.

Interaction of photons with biological molecules

Optical tweezers, confocal microscopy, Raman scattering, time resolved fluorescence

photobleaching
Optical sensing of cellular signal
transduction

Membrane and cytoskeletal mechanics

Optical sensing with molecular specificity
Fluorescent study of intracellular proteins
Confocal Raman study of un-labled biomolecules

Cellular responses to chemical and mechanical
stimulations

Oscillating Optical
Tweezers
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« Advanced optical imaging for biomedical applications

Biophotonics for probing cellular and molecular physiology

Cellular and molecular mechanism of cardiovascular, pulmonary diseases, osteoarthritis and

osteoporosis




PENNSTATE
| i

Team B: IR Biological (and Chemical) Sensors

Lehigh: Y.J. Ding, B. Ooai, H. Jain, A. Ganjoo, R. Song, X. Mu
PSU: J. lrudayaraj, C.G. Pantano, C. Yu, J. Ryan
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Team Obijective: Design, fabricate and integrate optical microsensors for
remote, in situ local chemical analysis (with the option of simultaneous
analysis over aregion) by using IR spectroscopic methods.
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Vibrational mode signature of most toxins are in the IR region

Key Features
» Increased sensitivity to biomolecules - o o o

» High Selectivity and Identification of
specific chemical compounds

* Immunity to matrix elements

» Potential for Multi-component
Detection

 Small size
* Long-term stability

E.Coli
Becillus
Thuringiensis

Applications
 Remote sensing of Biotoxins 3 Baxillus Subtilis

— Smallpox, Sarin gas, Ricin, Anthrax Sdmondla

 Remote sensing in Hazardous
Environments g 23 . 10

« Continuous monitoring of water Wavenumber. el
contamination, food poisoning, etc. Wavelength (mm)
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Novel LU-PSU Design: Biomedical IR Sensor

QWIP/



Cross-sectional view: Initial central piece

Material selection

Fabrication of planar waveguides

Optical characterization of planar waveguide:
Optically written channeled waveguides

Biofunctionality
Algorithm for specificity

Examples of synergy



Lehigh-PSU Biosensor: Novel Materials and Structures

Chalcogenide glasses: Wide IR
transmission  Numerous applications
In the civil, medical and military areas

Chalcogenide glasses have high transparency in the
infrared region (I ~1-25mm) IR Optical devices

Sensitive to visible light  Easy to manipulate structure
(refractive index, band gap, absorption, etc.,) by light.
Easy to fabricate (large areas, most substrate) Low cost



Ge- based chalcogenides are selected for
fabricating the multi layer waveguides

Optical fiber 2. Corelayer (GeSbSe)
from the source) 20-50 mm wide
to Detector

1. Cladding layer (GeSe,)
S substrate

Addition of Sb to GeSe glass
reduces the loss by nearly 250
times



Change in refractive index by illumination  writing
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Prism-coupling Technique

Working Principle
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Cross section of schematic setup:
to use prism-film coupler on rotational stage
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GeSeSh/SIO, Waveguide: Measurement of Index Profile

Index
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Fermi Mode Index Model:

n(x) =ng + DnA1 + exp[(x-d)/a]}
| =1.2mMm

ng =1.535

Dn =1.213

d =5.1482

a=0.2846

n=ng+Dn=2748

Index profile can be approximated by Fermi mode index function!




Waveguiding & End-fire Coupling for
GeSeSb/GeSe,/Si Waveguide

m-Line End-fire Coupling

Waveqguiding & end-fire coupling are successfully achieved

GeSeSb/GeSe, is selected as final waveguide structure for biosensor
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Nanoporous Sculptured Films






Biological functionalization of Ge,sSb,,Seg, film

Key points:
Ultimate Goal: 1. GepgSh,;,Seg, film has good IR

To develop a microarray transparenf[:y aIIovxtnng stdrong |
type biosensor using the evanescent wave to produce goo

: ATR signals.
Ge,5Sby,5€4 film as 2. Multilayer (anchor layer, antibody

supporting substrate and layer and target layer) structure can
signal collecting channel. be constructed on the film.

3. Target binding event can be
monitored by characteristic IR
spectral signatures

f

300~500 nm
Evanescent wave
absorption <

Incoming
IR beam

—> Ge,gSh,,Seg, film

IR spectra measurement

U target Yantibody U Anchor molecules



Surface Chemistry- to build the anchor layer

Objectives:
To form a handle on the film surface to which biological functional
molecules can be attached.

Anchor molecules must:

1. Firmly attach to the film so won't be washed off easily.

2. Have functional groups that can react with biological functional
molecules (DNA, antibody, etc.)

Mechanisms:
*Physisorption, weak bonding due to electrostatic force, hydrophobic

Interaction, etc.
*Chemisorption, strong bonding, preferred. Require reactive surface and

anchors.
Challenge:

Ge,gSh,,Seq, film is chemically inert, not reactive to most commonly used
anchors. Chemisorption is difficult to realize.

Mature techniques exist for building antibody layer on top of anchor layer,
so functionalization of the film is the critical step



Possible Solutions:

To build gold/silver islands on
the film surface to which anchors
(mercapto compounds) can be
attached.

-S-XXX-O00H
-S-XXX-O00H

Advantages:

Utilizing the well-known
chemistry between Au and thiol
group (-SH), easy to form SAM
on the film to which proteins,
DNA/RNA can be easily
attached.

Challenge:

Gold islands may negatively
affect the optical properties of
the film.

~30 nm { (

>300 nm| Ge,gShy,Seg, film

However, the islands are made to
be ~30 nm thick, the impact on the
optical properties should be trivial.




Au island deposition for anchor molecule attachment

Sample

Metallic
mask

Au islands on GeSbSe layer for attachment
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Boat containing
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Results of building anchor layer

Anchor molecule used:
mercaptopropronic acid (MPA)
HS-CH,CH,-COOH

Red line: spectra of MPA
Blue line: spectra of gold islands
treated with MPA, measured after

washing.

It is clearly shown that anchor layer
IS successfully formed.



Target recognition
Key to the monitoring of binding event

--for the microarray to work, it has to be able to identify and differentiate different targets
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& boyeir '° characteristics, combined with multi variate statistical analysis
E. Coli027 6 microorganisms (4 species, 3 strains of one species) can be

identified and differentiated based ontheir IR signature.

The third key point is demonstrated.



Novel Broadband Mid-IR detection using QDIP

« Enhancement of QDIP response width using quantum-dot intermixing method.12
* Increase carrier capture rate using higher density InAs dots embedded in larger gap
InGaAs quasi-QWSs.

1B. S. Oai, H. S. Djie, and C. E. Dimas, SPIE Optics East 2005 (invited talk).
2H. S. Djie, B. S. Ooi, and V. Aimez, submitted to Appl. Phys. Lett. 2005.



Interdiffusion induced spectral broadening
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Broad spectra observed from interdiffused/intermixed samples

Assuming the lens-shaped dot, the interband and band-continuum transition of
interdiffused QDs have been calculated.!

A broad linewidth of ~150 meV corresponds to a QDIP response bandwidth of ~ 5um.

10. Gunawan, H. S. Djie, and B. S. Ooi, Phys. Rev. B, 15 May 2005 (in-press)






— Glassy meta-materials '
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E-beam nanolithography (FRG)
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IMI: Rui Almeida, Visiting Professor, Portugal

(.3|628Sb12se60'A (C2) 120 K 35° GeSe,-NA (E2) 120K 359tilt
tilt

FEG-SEM micrographs (secondary electron mode) show topographic
contrast at the surface of as-deposited (PVD) chalcogenide glass films.
These are not atomically smooth, but exhibit regular microstructures.

The average ‘grain’ size is ~ 15 - 30 nm for the Sb-containing film, but ~ 20-
100 nm, in the GeSe, film.

So for the latter film, for ~ 1 m light, the average size is close to ~ /10 -
/20  significant Rayleigh scattering.



300 K

At this magnification, some aggregates or clusters of the basic microstructural
features may be tentatively identified, with characteristic sizes perhaps as large

as ~ 100 nm (~ /10), which might justify the significant optical losses measured,
even in the case of Sb-containing waveguides.



Synergy with NSF FRG: EXAFS Analysis
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IMI: UK« Czech «_Ger'r.ﬁany « USA « Japan
Etchless Lithography (ELLITH)!

Optically written honeycomb
structure with ~1 mm radius

Jain - ARL/ARO COT Open House: May 19, 2005



Thanks!

Jain - ARL/ARO COT Open House: May 19, 2005



