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ili. Abstract

Laser misuse poses a unique challenge to the public health and medical communities. At this
time there is limited data to quantify the full scope and severity of this threat. However, it is
generally accepted among many stakeholders from a variety of backgrounds that laser misuse,
and therefore laser exposure, is likely to increase in the future. The rapid pace of laser
technology development warrants exploratory research into mitigation strategies for emerging
laser threats. In 2007, the University of Illinois at Chicago (UIC) embarked on a large-scale,
multidisciplinary research program to address public health and force health protection capability
gaps that emerged as unanticipated laser exposure incidents increased. Research efforts were
directed to improve capabilities in three key areas: 1) LEP performance, 2) laser characterization
in the field, and 3) laser eye injury diagnosis. In addition, several projects explored other sensing
modalities and targets that might be combined with laser detection and characterization to
provide a flexible and diverse tool that would be attractive to the wide range of end users.
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A. Program Overview and Management

| 1. Introduction

As laser technology becomes more sophisticated, powerful, affordable, and portable, it will
present new challenges to the public health and medical communities. Lasers are associated with
a myriad of beneficial applications but are also increasingly associated with threats to health and
safety. Since the Federal Aviation Administration initiated mandatory laser incident reporting in
2005, the number of recorded incidents in the United States has increased every year [1]. There
were 2,587 aircraft illumination events recorded by the Federal Aviation Administration between
2004 and 2008 [2]. Pilots are not the only population affected by the misuse of lasers. There are
documented cases of eye injury among teens and young adults following exposure during
recreational laser light shows [3] and experimentation with high power laser pointers [4].
Military personnel assigned to a checkpoint were injured by laser “dazzlers” [5]. Law
enforcement officials have expressed concerns that lasers will become increasingly attractive to
terrorists and criminal actors due to a combination of factors: the relative ease of procurement,
potential to cause damage (both to health and property), and the lack of forensic techniques
capable of tying a specific laser to an incident [6].

The actual impact of laser misuse on public health is difficult to quantify. Despite popular
perceptions of laser injury propagated by science fiction, real-world wounds can be subtle and
challenging to diagnose. Currently, lasers pose the greatest risk to ocular tissue. The effective
dose of non-ionizing radiation delivered to the eye by a laser will fluctuate based on a variety of
environmental, technical, and clinically relevant factors that are likely unknown or not measured
at the time of exposure. For example, a patient reporting exposure to a “green” laser would not
be able to confirm the exact wavelength, distinguish between pulsed or continuous wave, or
estimate the power or fluence of the beam. This information would all be extremely helpful in
assessing the likelihood of eye injury. Even if laser eye protection (LEP) is deployed, there are a
variety of circumstances in which eye injury can still occur. For example, a pilot wearing LEP
could be exposed to a laser with a wavelength that falls outside of the protected range (i.e., out of
band) or is so powerful that it defeats the goggle. Minor retinal lesions are not necessarily
painful; thus definitive diagnosis of laser injury requires a thorough ophthalmological assessment
using specialized equipment. This equipment and expertise may not be readily available to those
who require an examination, particularly if the exposure occurred in a remote setting, such as
during military operations. In such circumstances, medical personnel must determine whether to
evacuate personnel for full assessment (which is possibly unnecessary) or risk further injury by
delaying treatment, based on very little data. There are also anecdotal accounts of pilot
resistance to eye examinations following possible laser exposure due to concerns about being
arbitrarily grounded.

In summary, laser misuse poses a unique challenge to the public health and medical
communities. At this time there is limited data to quantify the full scope and severity of this
threat. However, it is generally accepted among many stakeholders from a variety of
backgrounds that laser misuse, and therefore laser exposure, is likely to increase in the future.
The rapid pace of laser technology development warrants exploratory research into mitigation
strategies for emerging laser threats. In 2007, the University of Illinois at Chicago (UIC)
embarked on a large-scale, multidisciplinary research program to address public health and force



health protection capability gaps that emerged as unanticipated laser exposure incidents
increased. Research efforts were directed to improve capabilities in three key areas: 1) LEP
performance, 2) laser characterization in the field, and 3) laser eye injury diagnosis. In addition,
several projects explored other sensing modalities and targets that might be combined with laser
detection and characterization to provide a flexible and diverse tool that would be attractive to
the wide range of end users. Figure 1 summarizes each project and the interrelationships

between research efforts.

Laser Exposure Health Effects

Mitigation Strategies

Laser Eye Protection Laser Sensor Diagnostic Sensor Diversity
Development Development Development Projects

Novel nanocomposites
(Section B)

Personnel protection
sensor (Section G)

Biomarkers for laser
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Damage to LEP
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(Section )

Laser injury biomarkers
bioassay (Section E)

Raman spectroscopy
(Section 3)

Sociotechnical
Evaluation (Section H)

Figure 1. Program overview and project relationships

Surface attached
nanoparticles (Section (3)

| 2. Methods, Assumptions and Procedur es

This program was designed from a public health perspective and sought to integrate projects that
addressed the full range of health effects associated with unanticipated exposure to lasers (and
more broadly direct energy). While protection, detection, and diagnosis were key components of
addressing the public health risks associated with laser misuse (whether intentional or
accidental), the emerging nature of the threat raised concerns regarding user adoption of any
sensor products developed under this effort. In order to address this risk, emphasis was also
placed on sociotechnical issues of user acceptance (i.e., reasons users might reject sensors
beyond the technical performance). Finally, the complexity of the program warranted the
application of formal project management principles throughout the period of performance.
Assigning a specific group (the Center for Advanced Design, Research and Exploration) to
oversee technical and financial performance allowed greater flexibility in research design and
resource allocation over the period of performance, which is outlined in the project reports in the

sections that follow.

| 3. Conclusions

This program has successfully and significantly advanced scientific knowledge and technologic
capabilities in the area of directed energy protection. Research in nanocomposites revealed
valuable information on the mechanisms by which optical limiting coatings work which will be




exploited in next generation protective coatings. New understanding of damage mechanisms
caused by femtosecond pulsed lasers was documented. A panel of biomarkers for laser injury
was developed, validated, and then translated into a biosensor based on a commercial platform
currently in use by the Air Force. Two prototype laser sensors were constructed and evaluated in
multiple settings, including a field demonstration with a deployed rescue squadron.
Sociotechnical evaluations revealed similarities and differences among user groups for these
laser sensors and provided guidance for future development spirals. Detailed performance
metrics are provided in the project sections that follow.
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B. Optical Limiting Nanocomposites for Laser Eye Protection

| 1. Summary

Eye tissue can be damaged by a wide range of laser wavelengths in the visible spectrum. Laser
radiation-eye interactions have been widely studied for decades and the susceptibility of human
eye tissue to laser damage is well known [1]. Current laser eye protection (LEP) eyewear can
shield against fixed laser wavelengths, but eyewear that continuously shields against all
potentially damaging wavelengths at all intensities would also not be transparent, thereby
blocking vision. The ideal solution would be agile LEP eyewear, such as that which blocks only
high intensity laser radiation across a wide spectrum while allowing low intensity light
transmission for vision.

Agile LEP eyewear based upon optical limiters can be designed to block only high intensity laser
radiation across a wide spectrum while allowing low intensity light transmission for vision.
Optical limiting occurs when a bulk material transmits low light intensities, but blocks a wide
spectrum of high intensity radiation and is related to third or higher order nonlinear optical
properties.

The results presented here show that both colloidal synthesis and gaseous deposition can be used
to prepare metal chalcogenide nanocrystals (nanoparticles) with novel morphology and surface
chemistry. Furthermore, it is shown that these nanocomposite materials can be utilized for
optical limiters with large nonlinear absorption and scattering coefficients. Surface properties
play a dominant role in controlling their nonlinear optical response in the visible region. Post-
synthesis washing generated surface lattice defects or free dangling-bonds states quench the
radiative emission and stimulate the nonlinear absorption and scattering processes with limiting
that approach the human eye damage limit in a day vision goggle configuration.

| 2. Introduction

The last three decades have seen intense study of a variety of semiconductor nanocrystals which
promise unique optical and electronic properties [2]. The synthesis and characterization of
semiconductor nanocrystals and nanocomposites composed thereof have garnered much
attention due to their potential for nonlinear optical materials, photovoltaics, and other novel
technologies. It was determined early in the project that nanocrystals of lead selenide (PbSe),
lead sulfide (PbS) and other group IV-VI semiconductors have shown great potential as
nonlinear optical materials [3]. These metal chalcogenide nanocrystals have size-tunable
bandgaps across the near infrared [3, 4] and large extinction coefficients [5]. Nanoscale PbS
films have also been considered as infrared absorbers for photovoltaics incorporating anatase
titanium dioxide nanocrystals [6, 7].

Third order nonlinear optical properties been studied for lead chalcogenide nanocrystal systems
which were found to exhibit both saturable [8-17] and reverse saturable absorption (RSA) [10,
16, 18-23], depending on the preparation method and laser parameters used.

The large surface to volume ratio of lead chalcogenide nanocrystals and their large excitonic
Bohr radii (18 nm for PbS and 46 nm for PbSe) predict that photogenerated carriers will have
strong interactions with the nanocrystal surface. Thus, surface properties of lead chalcogenide
nanocrystals strongly affect their optical properties [24, 25]. Surface properties, especially those



leading to the formation of trap states; have been shown to play important roles in nonlinear
optical processes [24-27]. Site-substituted impurities, lattice distortion, and defects [26, 28-30]
that exist at the surface have an effect on the properties of traps states. Differences in these
properties and their effect on the nanocrystal optical properties have often been studied by
examining photoluminescence [28, 31, 32] or band gap relaxation [24, 25, 28, 33, 34].

It has been found that both nanocrystal synthetic procedure and after-synthesis treatment [35, 36]
can affect the surface properties of nanocrystals, motivating study of their optical response after
synthesis and during various stages of processing. Nanocrystal oxidation specifically, and
surface chemistry generally have a strong effect on photovoltaic performance by modulating the
surface density of states, charge transfer efficiency, excited state lifetimes, and in other ways that
remain poorly understood [37, 38]. It was shown that removing surface oxides (i.e., sulfates) or
carboxy-containing ligands (i.e., oleic acid) from the surface of PbS(Se) nanocrystals
dramatically improves carrier and/or photovoltaic efficiency [39-44]. Annealing or chemical
treatment of nanocrystal-organic composites removes capping ligands and leads to strong
enhancements in photovoltaic efficiency (although the absolute photovoltaic efficiency remained
low) [44-47]. By contrast, PbS nanocrystal films with oxides at their surface behave as
photodetectors rather than photovoltaics [48-50]. Surface passivation of PbS nanocrystals also
strongly affects their optical properties [51]. One explanation for this improvement in
photovoltaic properties was that ligand exchange passivated charge traps at the nanocrystal
surface [39, 40, 52]. It was further argued that lightly oxidized PbS nanocrystals in composite
films increased the number of charge traps which lead to higher photoconductivity, presumably
by increasing the film capacitance and dropping the film resistance [48-50]. These charge traps
exist as surface states on the nanocrystal surface. Overall, surface chemical tuning of
nanocrystals allow control of these charge traps, which in turn affects their photovoltaic
properties.

There are several types of nonlinear optical (NLO) materials that might be utilized for nonlinear
absorption, scattering or refraction in power limiting applications. One promising type includes
compounds with large RSA involves a unique NLO property of materials in which the cross-
section for optical absorption from the excited state is larger than that from the ground state [53].
PbS and PbSe nanocrystals have been demonstrated to display optical limiting under various
conditions [10, 18, 19, 54-56]. Other very common types include compounds with two-photon
absorption (TPA), for example chalcogenides of cadmium and zinc.

This report examines procedures for synthesizing metal chalcogenide nanocrystals of various
shapes and sizes and studies their third order nonlinear optical properties. These nanocrystals
were subjected to post-synthesis processing to improve their optical limiting properties.

| 3. Methods, Assumptions and Procedur es

The project was focused on two major synthesis strategies for organic—inorganic nanostructured
materials. The first strategy was colloidal synthesis of inorganic nanocrystals with various
organic capping agents, which then can mixed with the organic semiconductor. Colloidal
synthesis is extremely popular due to its great potential, simplicity, and low cost. Colloidal
synthesis controls nanocrystal size, shape, and surface functionality by selection and exchange of
ligand capping agents.



The second strategy for formation of inorganic nanostructures within an organic matrix was via
gaseous deposition. This in situ strategy has several major advantages compared to colloidal
synthesis, especially when the nanocrystals are to be incorporated into films for application in
photovoltaics or other devices. No separate nanocrystal synthesis step is necessary and no
capping agents are required to control nanocrystal size, producing ‘naked’ nanocrystals whose
surfaces can be readily modified. Nanocomposite films are produced in a vacuum environment
without any solvents, reducing health risks and environmental impacts.

These two synthetic approaches allow an almost infinite number of combinations of inorganic
and organic nanostructured materials. New methods of synthesizing PbS, PbSe, and other metal
chalcogenides nanocrystals within an organic phase were developed to optimize optical limiting
in both films and colloidal solutions with selected post-synthesis treatment. Details of both
synthesis procedures are shown in the synthesis section.

It was concluded that various lead salt nanocomposites would be prepared by colloidal synthesis
and gaseous deposition, and then evaluated by optical methods at both UIC and at the Air Force
Research Laboratory at Wright Patterson Air Force Base in Dayton, OH. These evaluations lead
to the experiments whose results are described below.

NPs have been characterized by electron microscopy, UV/Vis absorption, fluorescence,
nonlinear absorption, and optical pump-probe techniques [20, 22, 57-63]. TEM (JEOL 3010,
operated at 300 KeV) was used to determine nanocrystal size, shape and elemental content by
energy dispersive spectroscopy. Nanocrystal crystallinity was probed by selected area electron
diffraction too. Nanocrystal surface and film chemistry was analyzed with a photoelectron
spectrometer equipped with a monochromatic X-ray source (Al-K,, 1487 eV photons).

Optical limiters based upon metal chalcogenide semiconductor nanocrystals dispersed in
carbonaceous matrices were evaluated at UIC by use of 1064 and 532 nm nanosecond pulse
length Z-scan experiments [64]. Thus, both near-IR and visible wavelength regions were
examined. The Z-scan apparatus was developed to simultaneously record signals of four
channels [22, 57, 61, 62] as shown schematically in Figure 1. A limited set of Z-scan
experiments were performed with 800 nm femtosecond laser pulses, but they are not reported
here.
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Figure 1. Schematic diagram of multichannel data acquisition Z-scan apparatusat UIC

Nonlinear absorption measurements were performed with a close-field detector in open aperture
Z-scan configuration, where nonlinear refraction was measured using the far-field detector in
closed aperture Z-scan configuration. Nonlinear scattering at various angles was obtained by a
photodetector that was attached to a sample stage and could be rotated around the cuvette in an
angular range of 20°-160°. Measurements of the nonlinear performance factors were deduced
from the fitting of experimental curves. The spectra are plotted as normalized transmittance
versus sample distance, Z, from the focus. The nonlinear absorption and refraction coefficients,
S and ny, for nanocrystals were determined directly as grown, as well as after the post-synthesis
procedures.

Most of the Z-scan data reported were as open aperture Z-scans and used a configuration
consisting of a pulsed laser (Continuum, model Surelite SL-1-30), variable neutral density filter
(ThorLabs, model NDC-50C-2M), beam splitter, 125 mm focal length lens, and two pyroelectric
detectors (Coherent, J4-09; with EPM 2000 dual channel power meter) to measure changes in
laser transmission. A 1 mm glass cuvette sample cell (for colloidal samples) or film coated glass
samples was gradually moved by computer controlled translation stage with a full range of 25
mm along the axis of light propagation, increasing the laser fluence as it reached the focal point.
A frequency doubled Nd:YAG laser produced 532 nm pulses with energies that could be varied
from 1 to 100 pJ/pulse, a repetition rate of 10 Hz, and a pulse length of ~5 ns. The value of the
beam waist at the focal point was ~16 — 22 um (the Rayleigh ranges were 1.5 — 2.5 mm) and the
corresponding peak intensities were 10° — 10° W/cm?. These values were deduced from the
fitting of experimental curves of transmittance, T(z), versus sample distance, z, from the focal
plane normalized with the linear transmittance. The Z-scan transmittance was normalized such
that the transmittance far from the focus was unity.



Additional optical testing was performed with collaborators at the Air Force Research
Laboratories (AFRL) and the corresponding procedures are discussed in the AFRL data sections.

a) Synthesis Procedures

The procedures are reported here divided by section for liquid nanocomposites (LNCs) and film
nanocomposites (FNCs). PbS, PbSe and other nanocrystals were prepared in various polymeric
and organic matrices. Other sections describe procedures for the preparation of films of
polystyrene (PMMA) blended with colloidally synthesized nanocrystals. This type of film is
referred to here as FNCs from LNC solutions. An additional task was completed by varying
matrix polymer and nanocrystal concentration.

L NC-1: Procedures for synthesizing PbS nanocrystals in the presence of conjugated polymers
were developed where a sulfur precursor is injected into a degassed solution containing solvent,
a lead precursor and a polymer [18, 28, 43, 56, 65]. The polymer is the only species present to
act as the size-limiting agent in which the composites form a unique particle/polymer interface
otherwise free of the surfactant capping groups used in typical colloidal syntheses. LNCs
composed of PbS nanocrystals in solutions of the six polymers were synthesized by these
colloidal methods, whose details were published [20, 57, 58]. PbS nanocrystals were synthesized
in the presence of the polymer, which limited the growth of the particles. The polymers used for
these experiments were: polystyrene (CAS #9003-53-6, Sigma—Aldrich, St. Louis, MO, USA),
MEH-PPV (CAS #138184-36-8, Sigma—Aldrich), poly(vinyl alcohol) (CAS #9002-89-5, Sigma—
Aldrich), poly(1-decene) (CAS #68037-01-04, Sigma-Aldrich), poly(1-butene) (CAS #9003-28-
5, Sigma-Aldrich), and polyethylene (CAS #9002-88-4, Sigma—Aldrich). The sources of lead in
these synthesis was lead nitrate (CAS #10099-74-8, Fisher Scientific, Fair Lawn, NJ, USA) for
poly(vinyl alcohol) (PVA) synthesis and lead acetate trihydrate (CAS #6080-56-4, Sigma—
Aldrich) for the other polymers. The sulfur precursors used were sodium sulfide nonahydrate
(CAS #1313-84-4, Sigma—Aldrich), in the PVA synthesis, and elemental sulfur flakes (CAS
#7704-34-9, Sigma—Aldrich) for the other syntheses.

Each of the polymers acted as size limiters in the nanocrystal growth in a procedure adapted
from that employed for growing nanocrystals in MEH-PPV [43], with the exception that the
amount of dimethyl sulfoxide was decreased in this synthesis to promote solubility of the
polymers. A solution consisting of 0.01 g of the polymer and 0.10 g of lead acetate trihydrate
dissolved in a solution of 20.0 ml of toluene and 2.5 ml of DMSO was degassed for an hour
under nitrogen at 110° C in a three neck flask. The sulfur precursor was prepared by dissolving
0.2 g of elemental sulfur flakes in 10 ml of nitrogen-degassed toluene. The sulfur solution was
placed in a sonicator to aid in dissolution of the sulfur then briefly heated prior to injection. 1 ml
of the sulfur solution was injected into the polymer-containing flask under maximum stirring.
The nanocrystals grew in the solution and given 15 minutes for the reaction to progress to
completion and grow to maximum size.

The growth of PbS nanocrystals in the conjugated polymer MEH-PPV used two different
strategies to control nanocrystal size [43, 65]. The first strategy involved changing the average
molecular weight of the polymer in the solution, where a decrease in molecular weight led to an
increase in the size of the nanocrystals. However, attempts to achieve control of nanocrystal size
distribution by changing molecular weight of the poly(1-decene) and polystyrene showed little
effect on the nanocrystal size. The second method varied the ratio of the toluene and DMSO in



the solution which in the case of MEH-PPV changed the solubility of the polymer that gave rise
to different nanocrystal sizes. However, this second strategy also lead to problems in the
synthesis with optically clear polymers, as increasing the ratio of toluene:DMSO to nearly 3:1
(compared with 10:1 in the initial reaction) rendered the polymer much less soluble. This
reduced solubility dramatically reduced the ability to control nanocrystal size and lead to the
formation of large, >25 nm sized PbS nanocrystals.

An additional task was completed in which PbS nanocrystals were synthesized, then annealed
into different shapes and sizes in a microwave oven.

LNC-2: The growth of oleic acid capped PbSe and PbS nanocrystals with various shapes was
carried out using newly developed methods [61, 62]. PbSe cubes, stars, spheres and rods were
synthesized from 1 mmol of lead (1) acetate trihydrate (99.98%, Sigma-Aldrich), 1-3 mmol of
oleic acid (99%, Sigma-Aldrich), 4-7 mL of squalane (Acros), and 1 mL of trioctylphospine
(TOP, 97%, Strem) degassed under vacuum at 110°C for one hour. Nanocrystal size was selected
via adjusting solution temperature to 135°C for rods synthesis, 150°C for spheres, 175°C for
stars or 225°C for cubes, after which a mixture of 1-4 mL TOP and 1mL 1M TOP:Se (made with
97% TOP and 99.999% Se shot, Strem) was rapidly injected under nitrogen. Different volumes
of TOP were also required to combine with the 1 mL of TOP:Se in the last step for shape
control: rods and spheres required 1 mL, starts required 1-2 mL, and cubes required 4 mL. The
nanocrystals were then allowed to grow in solution for 5-10 min. PbSe nanorod synthesis
additionally required (instead of standard squalane) a mixture of 4 mL squalene, 2 mmol acetic
acid, and 3 mmol H,O heated to 110°C under N, for 3 hours to remove excess acetic acid.

The nanocrystal colloids were then centrifuged and the nanocrystals re-dispersed in anhydrous
hexane: these represent the “as grown” nanocrystals.

Post-synthesis washing of the nanocrystals was carried out by the addition of a 1:1
ethanol/hexane solution to crash the nanocrystals out of the colloidal solution, followed by
centrifugation and redispersion in hexane. In some cases, the washing procedure was repeated 2-
3 times.

An additional task was completed in which post-synthesis washing of the nanocrystals was
carried in hexane mixture with pyridine, acetone, isopropanol and butanol.

Post-synthesis treatments were including doping of synthesized nanocrystals by various metal
ions and dodecanethiol or aminodecane capping exchange of originally oleic acid capped PbSe
nanocrystals. Zn, Cd, Cu ions for PbS and PbSe nanocrystals, Cu and Fe ions for ZnSe
nanocrystals were selected.

FNC: Metal chalcogenide clusters were prepared by DC magnetron sputtering of a solid Pb
metal target in a Haberland type source [66], which undergoes gaseous condensation and
reaction in a background gas mixture of hydrogen sulfide (or hydrogen selenide), helium, and
argon [59, 60, 67]. These components underwent reaction and gaseous condensation to form lead
chalcogenide clusters. A U.S. patent was submitted on this process [68]. Cluster beam deposition
apparatus was adapted from a commercially available source (Nanogen-50, Mantis Deposition
Ltd., Oxfordshire, UK), as shown schematically in Figure 2. Careful manipulation of working
power, wall temperature, gas flow or pressure in the aggregation zone, and volume of



aggregation zone (or magnetron target/skimmer position) enables a control over the structure and
size of the nanocrystals. One of the limitation of the work was that only smaller nanocrystals
were formed, many of which could not be observed by TEM [59].
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Figure 2. a) Schematic diagram of cluster beam deposition apparatusfor the preparation of PbS clusters by
magnetron sputtering and gaseous condensation. Also shown is separate evaporator of organics. b) TEM of 3-
5 nm PbS nanocrystals deposited into titanyl phthalocyanine (TiOPc). Crystallinity verified by selected area
electron diffraction (not shown)

Cluster beam deposition can be expanded to nearly any metal or metal chalcogenide nanocrystal
simply by using different target for magnetron sputtering and introducing reagent gases into the
source as needed (see Figure 6 for the example of Cu,S and PbSe nanocrystal formation).
Ternary metal chalcogenide (for example, PbS,Se;.x) nanocrystals can also be prepared by
cluster deposition by mixing H,S and H,Se gas flows.

An additional task demonstrated deposition of PbS nanocrystals whose surface-termination
varied from predominantly Pb to S [20, 69] by adjustment of the gas flow.

Nanocrystals prepared by cluster beam deposition will undergo aggregation and oxidation unless
they are isolated and trapped within an organic film. TEM images indicate clumping and
aggregation of the nanocrystals occurred in the absence of a co-deposited organic. Tuning the
cluster vs. organic deposition rate controls the nanocrystal to organic ratio in the film, allowing
control of the nanocrystal packing. The deposition rates of the organic layer and nanocrystals
were monitored in situ by quartz crystal microbalance. Typical flux for investigated samples was
~1-3 x 10" molecules/cm®s.

Organic matrix can be evaporated directly onto the substrate before, after, or simultaneously with
cluster beam deposition and SPIAD. Evaporation of neutral matrix compounds titanyl
phthalocyanine (TiOPc) and sexithiophene (6T, CAS 88493-55-4, Sigma-Aldrich, St. Louis,
MO, USA) was achieved with a resistively heated ceramic crucible (LTE 11000K, 1 cc, Kurt J.
Lesker, Pittsburgh, PA, USA). C,H," ions used also directly for deposition of amorphous carbon
(a-C:H) and diamond-like carbon films [70] as a beneficial type of carbon-based organic phase
with attractive properties for many applications.

A Kaufman broad beam ion source (Veeco-CS, 3 cm lon Source) using acetylene gas metered
with an (MKS Mass Flow controller model 1479A21) accelerated ions at ~50 eV. Typical ion
current ~3 WA with an ion fluence of ~1.6 x 10'° ions/cm® s was used.



Post-synthesis treatment was evaluated for post-deposition of polystyrene spin-cast overlayer on
top of vacuum deposited films. This kind of film is referred to here as sandwiched FNCs.
Preparation of a polystyrene spin-cast overlayer was prepared for protection against ablation.

| 4. Resultsand Discussions

a) Nanocomposite Preparation

i. Preparation of Liquid Nanocomposites (LNCs)
This work began in 2008 with the development of procedures for synthesizing PbS nanocrystals
in the presence of conjugated polymers using a procedure based upon a previously published
method [43]. LNCs composed of PbS nanocrystals in solutions of the six polymers were
synthesized by these colloidal methods, whose details were published [20, 57, 58] (see
“Synthesis section, LNC-1"). Oleic acid capped PbS nanocrystals were also prepared by
established methods [71] later replaced with a new procedure in conjunction with PbSe
nanocrystal synthesis. All the resultant LNCs were characterized by UV/Vis linear optical
absorption, TEM and selected area electron diffraction.
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Figure 3. Transmission electron microscope (TEM) images of lead sulfide nanocrystals grown in (PE)
polyethylene, (PB) poly(1-butene), (PD) poly(1-decene,) and (PS) polystyrene. Scale bar on theinset is5nm.
Size distributionsfitted from TEM analysis ar e also shown.

Figure 3 shows PbS nanocrystals synthesized in four different polymers, all prepared under
conditions that lead to 4 — 10 nm diameter particles. TEM images of individual PbS nanocrystals
clearly revealed lattice fringes of nanocrystals. Selected area electron diffraction showed the
expected ring structure for the rocksalt PbS crystal structure for nanocrystals formed from all
nanocrystals from all four polymers. Similar results were also observed for PbS nanocrystals



synthesized in MEH-PPV and poly(vinyl alcohol), as well as oleic acid capped PbS nanocrystals
(data not shown).

During the next stage (2009-2010), a procedure was developed for synthesizing surfactant
(mostly oleic acid) capped PbSe nanocrystals of different shapes and sizes followed by a post-
synthesis treatment developed to optimize optical limiting in colloidal solutions. The details of
this procedure are described in the “Synthesis section, LNC-2”. TEM results showed that size
and shape of nanocrystals was not changed by this post-synthesis procedure, which was also
applied to previously evaluated oleic acid capped PbS nanocrystals. An additional task was
completed by varying and exchanging ligand capping agents.

Figure 4 shows oleic acid capped PbSe nanocrystals of four different shapes and sizes between 5
to 20 nm which were selected for optical limiting evaluation. TEM images of individual PbSe
nanocrystals and selected area electron diffraction showed the rocksalt crystal structure for all
four selected sizes nanocrystals (data not shown).

Figure 4. TEM images of the oleic acid capped as grown PbSe nanoscrystals. The nanocrystals take the shape
of cubes- (a), spheres- (b), rods- (c), and stars- (d) with narrow size distributions and sizes ranging from ~5
(spheres) to ~20 nm (rods, dimension for length). TEM images of individual PbSe nanocrystals clearly
revealed lattice fringes of nanocrystals.



Finally, during 2011, a procedure was developed for post-synthesis treatment of non-lead
chalcogenide nanocrystals (ZnS, ZnSe, CdS, CdS/ZnS, CdS/ZnSe nanoshells). Those
nanocrystals were already synthesized in the laboratory of Preston Snee at UIC and the synthetic
procedure was not part of the reported project. An additional task was completed for mixture of
PbSe nanocubes with ZnO tetrapods.

ii. Preparation of Film Nanocomposites (FNCs)
Laser blocking eyewear requires that an optical limiting film be prepared on a transparent
substrate. The first stage for FNCs from LNC solutions was reported in 2008 and included

procedures to prepare films of polystyrene blended with colloidally synthesizing PbS
nanocrystals.

During the next stage (through 2010), a separate technique was developed for direct
gaseous deposition of film nanocomposites (see “Synthesis section, FNC”). Figures 2b and 5
display the TEM images of PbS nanocrystals deposited into evaporated titanium phthalocyanine
(TiOPc) and sexithiophene (6T) films. Cluster source produced nanocrystals up to 2 -3 nm in
diameter of a narrow size distribution which could be surface-termination tuned by adjustment of
the gas flow [60].

TiOPc

Fraction (%)

| %

ol - , —— i
1 2 3 4 5 0 2 4 6 8 10 12 14
Particle Diameter (nm) Particle Diameter (nm)

Figure5. TEM images and particle size distributions of FNCs of PbS nanocrystals embedded in titanium
phthalocyanine (TiOPc, left) and sexithiophene (6T, right) films.

lon-assisted deposition of diamond-like carbon was achieved as an alternate organic phase in
FNCs. However, 50 eV C,Hy" ions destroyed the carbon film on TEM grids, preventing the
collection of TEM data. Therefore, only UV-Vis and X-ray photoelectron spectra (XPS) were
available to confirm the presence of PbS nanocrystals in diamond-like carbon and no size
classification was performed.

As was reported in 2008, FNCs and films from LNC solutions were characterized by XPS to
determine the state of surface oxidation which strongly affects optical limiting. Oxidation of the
PbS and PbSe or strong bonding of the nanocrystals to the matrix without oxygen groups was not
present in these composites [58]. An additional task was completed for calibration of nanocrystal



surface termination which can be varied from metal to S (or Se) in cluster beam deposition by
control of the H,S(Se): Ar gas flow, as demonstrated for PbS nanocrystals and reported
previously [60].

Until this aspect was terminated in 2010 (see below), cluster beam deposition was evaluated for
PbSe and Cu,S nanocrystal formation. PbSe clusters were prepared by substituting H,Se gas for
H,S in the cluster source, CuyS clusters were prepared by using a Cu target. Figure 5 shows an
example of TEM images and XP spectra of Cu,S (Figure 6a) and PbSe (Figure 6b) nanocrystals
deposited into diamond-like carbon and TiOPc films, respectively (on silicon substrates). The
Cu:S and Pb:Se ratios observed were ~4-5, and ~2 respectively, indicating that the H,S(or
H,Se):Ar gas ratio had not been optimized for these new systems. Nevertheless, these results
show the ability of cluster beam deposition to produce a variety of metal chalcogenide
nanocrystals.
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Figure6. TEM imagesand X-ray photoelectron spectrum (XPS) for Cu,S nanocrystalsin diamond-like
carbon (a) and PbSe nanocrystalsinto TiOPc (b) using cluster beam deposition (films on silicon substr ates).
Crystallinity verified by lattice fringes.

b) Evaluation of Optical Limiting

i. Evaluation of Optical limiting of LNCs
The main method used at UIC was the Z-scan technique with nanosecond pulses which
characterized the third order nonlinear optical properties of nanocrystals such as nonlinear
absorption, scattering and refraction. Supplemental method includes quenching of near-IR
emission.
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Figure 7. Open aperture Z-scan with 10 puJ pulses of 532 nm and 25 pJ pulses of 1064 nm radiation (symbols)
for PbS nanocrystalsin poly(1-decene), poly(1-butene), poly(vinyl alcohol) or PVA and for oleic acid (OA)
capped PbS nanocrystals (without post-synthesistreatment) dispersed in toluene. Data fit to models of
nonlinear optical absorption with contribution of saturable absorption (line).

Figure 7 displays previously reported open aperture Z-scans at 532 and 1064 nm of 4 — 5 nm PbS
nanocrystals synthesized in poly(1-decene), poly(1-butene), poly(vinyl alcohol) and oleic acid
capped PbS nanocrystals before post-synthesis treatment (see below for new samples) dispersed
in toluene [22]. All the hydrocarbon polymer synthesized nanocomposites were found to exhibit
a large decrease in normalized transmittance T(z), down to as low as 14% for the poly(1-decene)
sample. This Z-scan data indicates optical limiting was occurring, which was also observed for
PbS nanocrystals in polystyrene, MEH-PPV, and polyethylene (data not shown). All the
normalized transmittance data from Z-scans showed saturable absorption nonlinear behavior at
low laser power, which changed to reverse saturable absorption as the fluence increased. No
nanocrystal size dependence was observed for those materials that displayed optical limiting.



! cubes, as grown
B mSpEEE e ey e sEnE el ey iy e B R w
rods, washed

stars, washed

5 0 5 10
AZ, mm

Figure 8. Typical 532 nm Z-scan tracesfor theoleic acid capped PbSe cubic nanocrystals as grown (top, open
squar e symbols) and after washing in ethanol/hexane mixture for cubes (solid squares), spheres (solid circles),
stars(solid stars) and rods (solid vertical bars). Linesare numerical fitsusing a model including saturable
absor ption. For all experiments, the transmittance of these composites was measured at an input laser energy,
lo, Of ~7 pd or laser peak power density of ~ 1 GW/cm? at focal plane. Transmittance T(z) versus sample
distance z along the focal plane was normalized to linear transmittance such that the transmittance far from
thefocal point, 0 mm, was unity. Thelinear transmittance, T,, of the sampleswas ~80-85% for all
nanocrystals solutions.
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Colloidal PbS nanocrystals prepared in polymer matrix did not show favorable results due to
solubility problems and were replaced by more soluble, oleic acid capped PbS and PbSe
nanocrystals prepared with the post-synthesis treatment. The advantage of PbS in polymer matrix
nanocrystals was that they showed limiting directly after synthesis without any supplemental
steps.

Figure 8 displays open aperture Z-scans at 532 nm for four different shapes and sizes oleic acid
capped PbSe nanocrystals shown previously on Figure 4. PbSe nanocrystals directly after growth
(open squares, Figure 8, top) did not show sizable changes in absorption, but small amounts of
saturable absorption were observed. However, when washed in ethanol/toluene mixture (the
post-synthesis treatment mentioned above) the nanocrystals were found to exhibit a large
decrease in normalized transmittance T(z), down to as low as 33% (cubes, spheres), 35% (stars)
and 40% (rods) at peak laser peak power density of ~1 GW/cm? at the focal point. This is
evidence of reverse saturable absorption for all shapes of PbSe nanocrystals after washing.



Similar results were obtained for oleic acid caped PbS nanocrystals after washing in
ethanol/toluene mixture (data not shown). No significant nanocrystal shape/size dependence was
observed for those materials that displayed optical limiting. The normalized transmittance Z-scan
traces obtained from this function were symmetrical, similar direct and back-scan, reproducible,
and almost unchanged for small and medium concentration of particles with To> 70%.

Ligand control of nanocrystal photoelectrical properties has been repeatedly demonstrated and
originally was one of the main goals of this work. However, Z-scan screening of dodecanethiol
or aminodecane capping exchange of originally oleic acid capped PbSe nanocrystals did not
show significant improvement in limiting, and this negative result lead to a curtailing of the
study of those post-synthesis treatments. The discovery of a simpler limiting control by washing
in ethanol/toluene mixture shifted work in this direction.

Several sets of experiments washing PbSe cubes and spheres in hexane mixed with pyridine,
acetone, ethanol, isopropanol and butanol showed similar ability to convert PbSe nanocrystals
into optical limiters (data not shown). However, more aggressive washing resulted in crashing
the PbSe nanocrystals from solution.

Z-scan measurements of PbSe nanocrystals with Cu and Zn doped shell, PbSe/CdSe core shell
nanocrystals, and PbSe nanocrystals coupled with ZnO tetrapods did not show positive limiting
results. These post-synthesis treatments were not evaluated further.

Finally, Figure 9 displays open aperture Z-scans at 532 nm for four different ZnSe nanocrystals
in oleylamine. TEM images showed the nanocrystal sizes were 3 nm or less, close to the
sensitivity level of the TEM equipment. Furthermore, they did not display crystallinity in the
TEM. ZnSe nanocrystals directly after growth (open squares, Figure 9, top) or either after
washing procedure described previously did not show sizable changes in absorption. However,
doping by Fe(lll) ions (yet another post-synthesis treatment mentioned above) caused these ZnSe
nanocrystals to exhibit a decrease in normalized transmittance T(z), down to as low as 70-80% at
peak laser peak power density of ~0.7 GW/cm? at the focal point. This is evidence of reverse
saturable absorption for ZnSe nanocrystals after surface doping with the magnitude of limiting
close to washed PbS samples (stars, Figure 9, bottom). Synthesis and doping procedures were
not optimized completely for these non-lead chalcogenide nanocrystals systems and optical
limiting was obtained only for ZnSe Fe(l11) doped nanocrystals. Nevertheless, these results
show the ability of nanocrystals (or nanoparticles) with two-photon absorbing (TPA) properties
to display optical limiting after appropriate post-synthesis treatment.
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Figure9. Typical 532 nm Z-scan tracesfor the ZnSe nanocrystals as grown (top, open square symbols) and
after doping by Fe(l11) ions. For all experiments, the transmittance of these composites was measured at an
input laser energy, lo, of ~5pJ or laser peak power density of ~0.7 GW/cm? at focal plane. Transmittance
T(2) versus sample distance z along the focal plane was nor malized to linear transmittance such that the
transmittance far from the focal point, 0 mm, was unity. Thelinear transmittance, T, of the sampleswas
~90-95% for all nanocrystals solutions.

A relationship between quenching of near-IR emission and nonlinear optical absorption observed
by Z-scan was demonstrated for PbSe and PbS nanocubes after the nanocrystals were washed in
the ethanol/hexane mixture (Figure 10) [62]. Quenching of emission could be due to the
appearance of deep trap states leading to nonradiative recombination of the photogenerated
carriers. A similar trend of quenched emission signals was observed for all shapes of PbSe
nanocrystals (data not shown), supporting the same conclusion.
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Figure 10. Near-IR emission spectra for theoleic acid capped (a) PbS and (b) PbSe nanocrystals after
synthesis (dotsor “#1") and after washing in ethanol/hexane mixture (linesor “#2").

Unfortunately, quenching of emission cannot be used as an indicator of optical limiting, since
such quenching can also result from nanocrystal oxidation after contact with air. To alleviate this
concern, nanocrystal colloidal solutions were transported in vacuum sealed glass tubes for AFRL
testing. Control experiments showed that this procedure prevented oxidation of nanocrystals and
kept emission intensity level at reasonable levels. Nevertheless, samples unwashed in ethanol or
without vacuum sealing lost emission signal after one week, without any adjacent appearance of
reverse saturable absorption.

In addition to large reversed saturable absorption, investigations showed the presence of an
associated nonlinear scattering and sign change of nonlinear refraction coefficient in post-
synthesis treatment nanocrystals that was postulated to be induced by thermal relaxation [62].
Experiments simultaneously detected off-axis light scattering and direct transmittance signals
and indicated strong inverse correlation between scattering and transmittance signals with
increasing laser beam flux. Furthermore, this nonlinear scattering displayed a classical Mie-type
intensity distribution that is typically observed for >100 nm nanocrystals with a characteristic
high intensity front lobe (6<90°) (data not shown) [62]. A similar Mie-type scattering pattern
was previously observed for different nanocomposite systems [72-74], albeit those with much
larger, ~100 nm nanocrystals.
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Figure 11. Correlation between forward-scattering (6 =45°) and transmittance of oleic acid capped PbSe
nanocrystals with different shapes after washing in ethanol/hexane, corresponding to curvesin Figures 8.
Cubesrepresent open squar es, spheres - open circles, star-like shapes - solid stars, and rods - solid bar
symbols. Inset - graph of slope values as a function cubic nanocrystal concentration (asreflected in linear
transmittances, To) for back-scattering (8 =135°) and forwar d-scattering (6 =45°) measur ements.

Figure 11 summarizes the correlation between nonlinear scattering and transmittance signals for
four different shapes of PbSe washed nanocrystals [61]. A similar inverse correlation between
nonlinear scattering and transmittance was also observed for all shapes of washed PbS
nanocrystals (data not shown). The Figure 11 data compares the signal from the forward
scattering detector (positioned at a scattering angle of 6=45°) to the nonlinear transmittance
signal shown in Figure 8 at different Z-positions of the sample (different laser beam flux), all
normalized to the linear transmittance, Tp = 0.8. A slight difference in the transmittance dip in
Figure 8 for rods compared with other nanocrystals shapes could be related to a lower absorption
cross-section due to the anisotropic rod shape, but this appears to not affect the values of slopes
in Figure 11.

Analysis of various concentration levels of PbSe nanocrystals demonstrated that backscattering
signal was not proportional to the concentration of nanocrystals and was better correlated with



the cubic root of concentration. Forward scattering signal showed another correlation function,
but those results were not confirmed. Forward- and back-scattering signals vs. transmittance loss
correlation slopes showed similar behavior and can be divided to two regions. At low
concentrations scattering (the main Z-scan testing conditions at UIC), the contribution linearly
dropped until transmittance level 70-75% and almost did not change afterwards (day vision
goggle or DVG and “bubble scattering” measurements at AFRL, see below). One possible
explanation includes contribution of multiscattering, increasingly effective light path through
media and increasing absorption losses. This mechanism was tested in conjunction with DVG
analysis and scattering experiments at AFRL, as described further below.

ii. Evaluation of Optical limiting of FNCs (UIC)
The main method used here was the open-aperture Z-scan technique with nanosecond pulses
which characterized the nonlinear absorption. Nonlinear scattering and quenching of near-IR
emission was not studied since those methods were implemented after termination of the FNCs
aspect of the program.
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Figure 12. Ablation-type of open aperture Z-scan with 5 pJ pulses of 532 nm radiation (points) for PbS
nanocrystalsin diamond-like carbon (a,b) and 6T film after deposition (a,c) and sandwiched filmswith
polystyrene overlayer protection (b,d). Optical image of damage showsa holein the film of a diameter close
to that of the laser beam-waist diameter.

Main difficulties for evaluation of optical limiting of FNCs were from film ablation and crater-
hole formation for all kind of FNCs. Figure 12 (in parts a & c) displays open aperture Z-scans at
532 nm of PbS nanocrystals embedded in diamond-like carbon (DLC) and 6T films with clear
ablation of the films occurring close to the focusing plane. This Z-scan data indicates that some
optical limiting is occurring before the onset of ablation. Preparation of a polystyrene spin-cast
overlayer (sandwiched FNCs) showed promise for at least partial protection against ablation
(Figure 12 in parts b & d), but would require much lower nonlinear optical absorption thresholds
for practical application. Similar results were observed for TiOPc films (data not shown).
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Figure 13: Open aperture Z-scan with 5—80 pJ pulses of 532 nm radiation for films of polystyrene blended
with PbS nanocrystalsin poly(1-butene).

Figure 13 displays open aperture Z-scan at 532 nm for films dried on glass under nitrogen
atmosphere of polystyrene blended with PbS nanocrystals originally synthesized in poly(1-
butene) (FNCs from LNC solutions). However, films with uniform thicknesses after spin-coating
did not show optical limiting (data not shown).

c) Determination of limiting characteristics of LNCs and FNCs.

All the normalized transmittance data from Z-scans showed saturable absorption nonlinear
behavior at low laser power, which changed to reverse saturable absorption as the fluence
increased. The solid lines in Figures 7 and 8 represent the best fit of open-aperture Z-scan
experimental data based on the Gaussian beam decomposition method of Sheik-Bahae et al. [64]
in the quasi-steady-state approximation. Transmission T(z) for an open-aperture Z-scan is
described by the modified equation [57]:



T(2 =C(1-R)? exp[— {ﬁ+ az}Lji% . (1)

This equation gives the best fit of the Z-scan measurement. The linear absorption coefficient is in

a . . . .
the forme, = ﬁ +a,, where o and a, are constants; Isis the saturation intensity; and
+ S

I(2) is the laser intensity. C is a normalization constant in Equation 1, Ris the surface reflectivity,
and qois a function of z distance. The parameters lo, Zo, Wo, 4, L and g correspond to the
maximum incident radiation intensity, Rayleigh length, beam waist, wavelength, sample
pathlength and two-photon absorption coefficient, respectively.

A modified fitting function for analysis of the Z-scan data was used to determine the nonlinear
absorption coefficient, fur, which incorporates both saturable and reverse saturable components
[22, 57, 62]. The fSg values in these materials showed no obvious dependence on nanocrystal
size/shape or organic phase. Table 1 presents results for various nanocomposites.

Table 1: Nonlinear absorption coefficient (B ), beam waist parameter (e ), limiting thresholds
(Fmin) @nd nanocrystal sizefor different L NCs nanocomposites. B and W wer e deter mined from
thefitting of Z-scan data and nanocrystal sizeswere determined from the TEM measur ements.

=~ CM/GW Werr uM Frun MJICM? NANOCRYSTAL
SAMPLE 2 & SIZE/DIMENTIONS
532 nm 1064 532 nm 1064 nm | 532 nm 1064 nm
nm nm
LNCs

PbS/Poly(1- 16330 5.4+0. 21.0 17.3 <250 | <1000 4.6
decene) 2
PbS/Poly(1-butene) | 121+18 9.3+0. 15.7 21.8 <300 | <1000 5.6

4
PbS/OA (cubes) 150440 3.4+0. 18.9 ~20 <150 | <1200 ~10

8
PbSe/OA (cubes) 130430 | 4.8+0. 17.7 ~20 <150 | <1100 ~10

7
PbSe/OA (spheres) 111+17 - 16.9 - <200 - 5
PbSe/OA (stars) 138+33 - 19.1 - <250 - 20
PbSe/OA (rods) 98+11 - 15-19 - <200 - 5-25
PbSe/thiol (cubes) 78+11 - ~20 - <150 - ~10
PbSe/amine 45+11 - ~20 - <250 - ~10
(cubes)




ZnSe 85+31 ~20 <200 2-3

Gaseous FNCs
PbS/DLC ? <30 ?
PbS/TiOPc ? <40 3-5
Cu,S/DLC ? <40 ?

FNCs from LNCs

PbS/Poly(1-butene) 14000 <100 ~5

Sandwiched FNCs

PbS/DLC ~900 <7 ?
PbS/TiOPc >300 <30 3-5
Cu,S/DLC >500 <15 ?

An important point to consider when evaluating the data presented in Table 1 is that the
contribution to the nonlinear absorption and refraction from Z-scan traces due to photogenerated
carriers and nanocrystal concentration has not been directly included in the equations for analysis
and consolidated values of S and n, [62] (data not shown). Thus, values of S« and n, are
impacted by several interrelated phenomena. Similar Se values were attributed to the
dependence of nonlinear absorption on the surface chemistry of the nanocrystals, rather than
their size. Further theoretical and experimental investigation will be required to explain the
primary events involved in the reversal of sign and the magnitude of third or higher order optical
nonlinearities of nanocrystals by changes in nanocrystal surface in the absence of changes in
nanocrystal core bandgap or laser beam parameters. Most importantly, these results demonstrate
that the value of the sign on the nonlinear absorption and refractive index coefficient can be
reversed by a relatively simple post-synthetic treatment.

In addition, for evaluation of the optical limiting and comparison with results from AFRL, all
original raw Z-scan data for transmittance vs. position can be converted to transmission vs. input
laser intensity (analogous to encircled transmission from DVG, see below) or energy vs. input
intensity (analogous to encircled energy from DVG and bubble scattering measurements, see
below).
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Figure 14. Evaluation of intensity (fluence) dependencies of nor malized transmittance from open aperture Z-
scan measurements of 532 nm radiation (symbols) for LNCs PbS nanocrystalsin poly(1-decene) dispersed in
toluene. Cq was used as a standard.

Figure 14 displays previously reported evaluation of optical limiting from fitted data of open
aperture Z-scans at 532 nm of LNCs of PbS nanocrystals synthesized in poly(1-decene)
dispersed in toluene (compared with Cgo standard). Data for four different samples prepared with
various concentrations and sizes of PbS nanocrystals show similar behavior with limiting
thresholds of 200-300 mJ/cm?.
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Figure 15. Evaluation of intensity (fluence) dependencies of nor malized transmittance from open aperture Z-
scan measurements of 1064 nm radiation for PbS nanocrystalsin poly(1-decene) dispersed in toluene.

Figure 15 displays evaluation of optical limiting (from fitted data of open aperture Z-scans at
1064 nm presented on Figure 7b) for LNCs of PbS nanocrystals synthesized in poly(1-decene),
then dispersed in toluene. Cgo did not show reverse-saturable absorption for 1064 nm and
therefore, could not be used as a standard. Data show limiting thresholds of ~1 J/cm?, nearly an
order of magnitude higher than at 532 nm, presumably as a result of a reduced absorption cross-
section for this near-infrared wavelength.
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Figure 16. Evaluation of intensity (fluence) dependencies of nor malized transmittance from Z-scan
measur ementsfor films of polystyrene blended with PbS nanocrystalsin poly(1-butene).

Figure 16 displays open aperture Z-scan at 532 nm and evaluation of optical limiting for films
dried on glass under nitrogen atmosphere of polystyrene blended with PbS nanocrystals
originally synthesized in poly(1-butene). Data for optical limiting used parameters obtained from
liquid phase Z-scans and show similar behavior with limiting thresholds of ~250 mJ/cm?.
However, films with uniform thickness after spin-coating did not show optical limiting (data not
shown). Numerical evaluation of nonlinear optical behavior and determination of S for the
dried films was complicated by their non-uniform and unknown thicknesses, values required for
fitting. Additional difficulties in the numerical evaluation arose from potential additional
mechanisms such as scattering, reflection, and photodarkening.
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Figure 17. Evaluation of intensity (fluence) dependencies of normalized transmittance from open aperture Z-
scan measurements of 532 nm radiation for sandwiched films of PbS nanocrystalsin diamond-like carbon (a)
and (b) TiOPc with a protective polystyrene overlayer.

Figure 17 displays the evaluation of optical limiting (from open aperture Z-scans at 532 nm) of
sandwiched FNCs deposited on ITO coated glass of PbS nanocrystals in diamond-like carbon
with a protective polystyrene spin-coated overlayer. The Figure 17a data show the best limiting
before ablation with thresholds shifted less than 10 mJ/cm?. This kind of film was chosen for
initial evaluation at AFRL.
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Figure 18. Evaluation of intensity (fluence) dependencies of normalized transmittance from open aperture Z-
scan measurements of 50 fs, 800 nm radiation for sandwiched films (a) of polystyrene blended with PbS
nanocrystalsin poly(1-decene) and (b) PbS nanocrystalsin TiOPc TiOPc with a protective polystyrene

overlayer.

Finally, Figure 18 displays the evaluation of optical limiting (from open aperture Z-scans at 800
nm with 50 fs laser pulses) of films dried on glass under nitrogen atmosphere of polystyrene
blended with PbS nanocrystals originally synthesized in poly(1-decene) and sandwiched FNCs



deposited on ITO coated glass of PbS nanocrystals in TIOPc with a protective polystyrene spin-
coated overlayer. The data show limiting thresholds on the order of ~30-40 mJ/cm?. Note that
femtosecond laser pulses Z-scan measurements was done only for FNCs since in colloidal
systems presence of nonlinear absorption from solvents made limiting evaluation impossible.

d) AFRL Collaborations

i. Evaluation of Optical Limiting of LNCs
The main method used here was the day vision goggle (DVG) encircled (from 2.5 to 25 mrad)
energy protocol with 537 nm, 3.5 ns, and 3 mJ maximum input laser setup for 0.5 mm cuvette of
colloidal nanocomposites. Mark Brant and Paul Fleitz at AFRL ran these DVG tests. An
additional task was performed with encircled forward scattering captures with 532 nm, 10 ns
laser pulses (“bubble scattering” measurements).

Figure 19 displays the DVG evaluation of optical limiting of various colloidal samples of
fresh and old PbSe and PbS colloidal nanocrystals which was selected for testing at AFRL in
2009 (1 PbS and 6 PbSe samples) and 2010 (1 PbS and 11 PbSe samples).
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Figure 19. DVG evaluation of PbSe and PbS colloidal nanocrystalstested in a) 2009 and b)
2010. For 2009: 1,2,3,4 —oleic acid capped spheres and thiol and amine capped cubes of
PbSe; 5—oleic acid capped starsof PbSe; 6 — oleic acid capped cubes of PbSe. PbS/poly(1-
butane) samples obtained poor DV G results and data not shown. For 2010 results shown
for oleic acid capped PbSe cubed except: 4 - PbS cubes, 8 - PbSe stars; and 9 — PbSerods.
All 2010 samples wer e analyzed after washing in ethanol/hexane mixture. ED50 — 50%
probability of damaged deter mined from rhesus monkey tests; M PE(lim) — maximum
permissible exposure.

2009 DVG tests showed varying degrees of limiting for all samples except PbS/poly(1-butane).
Cube and star-shaped PbSe nanocrystals demonstrated the most favorable nonlinear optical
behavior approaching MPE(lim) — human eye damage limit [75, 76]. Those systems were chosen
as the basis for the next test in 2010. Colloidal PbS in polymer matrix nanocrystals did not show



favorable results due to solubility problems and were replaced by newly synthesized oleic acid
capped PbS nanocrystals after post-synthesis treatment.

2010 DVG tests showed improvement in optical limiting performance compared with the
samples which were tested in 2009. Samples tested in 2010 at AFRL included oleic acid capped
cubes, stars, rods PbSe and cubes PbS nanocrystals freshly synthesized or after storage up to 6
months. All samples showed good optical limiting performance and significant improvement
compared with samples which were tested in 2009. On the other hand, even with the best
performing samples #10 (PbS cubes), #9 (PbSe rods) and #8 (PbSe stars) could not be evaluated
properly due to excessive nanocrystal concentrations in solution and the resultant drop in
transmittance levels below the lower testing limit. Concentration levels must be considered for
any new potential tests of these systems.

A different series of tests at AFRL during 2010 were performed with the “bubble scattering”
apparatus. For this kind of test, images of scattered light are directly captured at various input
energies to characterize the limiting performance. The pixel counts of the total beam is summed
for each image and subtracted off the dark count, then the input energy is divided by the pixel
count for each case to determine the average energy per pixel count. Measurement of the energy
within various circle sizes provides a characterization of the distribution of light. Large circles
collect the majority of the forward scattered light. This method allowed calculation of the energy
contained within specified regions of an image.

Figure 20 displays the encircled forward scattering evaluation for 5 oleic acid capped PbSe
samples with various shapes: spheres, cubes, stars and tees+crosses. All samples had absorbance
of ~1 in a 2 mm pathlength at 400 nm. The two samples of cubes differed in that they were
before and after washing for comparative studies. All other samples were after washing and
showed nonlinear response via Z-scan measurements.
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Figure 20. Encircled forward scattering evaluation (“ bubble scattering”) with two collection circle sizes.
Examined five oleic acid capped PbSe samples with various shapes: spheres, cubes, stars and tees+crosses.

Limiting of all investigated systems were explained by the concurrent presence of nonlinear
absorption (NLA) and scattering (NLS) events. It was confirmed that by increasing the collection
circle, the largest NLS signals of all the PbSe systems were for cubes and rods. However, the
highest scattering fraction NLS/NLA (or increasing rate of scattering vs collection circle) was
obtained for star-shaped nanocrystals.

Finally, an additional sub-task was performed in collaborative femtosecond transient absorption
experiments performed with Joy E. Haley of AFRL. Samples that displayed optical limiting were
studied as well as samples that did not display optical limiting. All samples were excited with a



390 nm (3 wJ, 100 fs) pulse and probed from 425 to 775 nm. Prepared 3 sets of PbS and PbSe
samples before and after washing in ethanol/hexane mixture. Samples were tested by Z-scan and
shows reverse saturable absorption response after washing and strong IR emission before
washing. All colloidal samples in vacuum sealed glass tubes were sent by UPS overnight.

Transient absorption experiments confirmed that washing in ethanol/hexane mixture for oleic
acid capped PbS and PbSe cubes and spheres did not show the prominent changes in transient
absorption decays behavior (data not shown) which was previously observed in various polymer-
PbS nanocomposites [22].

ii. Evaluation of Optical limiting of FNCs
The main method used here was the DVG encircled energy protocol with 537 nm, 3.5 ns laser
setup for fiber optic faceplates. Fiber optic faceplates are used to transfer an image without the
use of lenses. They are commonly used on displays, CCD coupling, and image intensification.

For this task, the best performing optical limiting FNCs films were sandwiched
nanocomposites of the original colloidal PbS/poly(1-butane) and gaseous deposited on faceplates
PbS nanocrystals in DLC matrix, prepared specially for testing at AFRL. Similar films were
deposited on glass slides (as imitation faceplates) and examined by 532 nm Z-scan. Originally,
these films showed a degradation of the optical limiting threshold to ~100 mJ/cm? compared
with the ~20-25 mJ/cm? values for films deposited on ITO-coated glass. The degradation in
performance is thought to derive from the deposition on uncoated glass, which is electrically
insulating compared with the electrically conductive ITO-coated glass substrates. Diamond-like
carbonéPbS nanocomposites on ITO-coated glass showed an optical limiting threshold of ~5-10
mJ/cm®,

DVG tests (not shown) for all films showed good limiting for small aperture but lost
performance at larger apertures. Loss of overall performance, due to photodarkening and/or
ablation, was the main reason that this aspect of the project was terminated without any future
attempt at optimizing the FNCs.

These results showed that both colloidal synthesis and gaseous deposition can be used to
prepare metal chalcogenide nanocrystals with novel morphology and surface chemistry which
can be utilized for optical limiters with large nonlinear absorption and scattering coefficients.
Surface properties of the nanocrystals were found to play a dominant role in controlling their
nonlinear optical response in the visible region.

Linear absorption, Z-scan experiments, DVG and “buble scattering” tests showed that
nanocrystal surface chemistry, especially after post-synthesis treatment, controlled the nonlinear
optical absorption of colloidally synthesized nanocrystals. The surface chemical dependence of
the nonlinear optical absorption for the PbS and PbSe nanocrystals contrasted with its relative
independence of nanocrystal size and shape [22, 57, 61, 62].

Cumulative analysis of results presented here indicates that oleic acid capped PbSe
nanocrystals of various shapes with large nonlinear absorption coefficients can be synthesized
and these nanocrystals show promise for potential application in nonlinear optical deviceslt was
found that simple post-synthesis treatment — washing in ethanol/hexane mixture - eliminated
fluorescence of optically excited PbSe nanocrystals and induced nonlinear absorption [61, 62].



These results show that nanocrystal surface chemistry can select between nonradiative and
radiative energy transfer. The TEM results show that the size and shape of the particles does not
change during this washing process. Rather, the washing changes the nanocrystal surface
chemistry and is thought to lead to the formation of deep trap states required for the nonlinear
absorption, nonlinear scattering, and quenching of near-IR radiative emission. Paradoxically,
transient absorption experiments did not show prominent changes in transient absorption decays
behavior for which was previously obtained in various polymer-PbS nanocomposites [22].

All PbSe nanocrystal shapes show strong inverse correlation between scattering and
transmittance with similar slopes that are independent of nanocrystal shape. Nonlinear scattering
appears to occur via a separate mechanism. However, the slope values (AS/AT) are a function of
scattering angle and nanocrystal concentration (as measured by the linear transmittance, To), as
shown in the inset of Figure 11 for washed cubic PbSe nanocrystals. Nonlinear scattering is not
explained by the same mechanisms as reverse saturable absorption, but the two phenomena
appear to be directly related. A potential explanation is that the nanocrystals after the post-
synthesis treatment are highly light absorbing and undergo nonradiative cooling in the laser
beam, where the energy is transferred to the surrounding solvent causing the formation of
bubbles due to the evaporation of hexane [77-79]. These bubbles then become new scattering
centers with an effective size of an order of magnitude larger than the actual ~10 nm particle size
which originally did not show Mie scattering. Such nonlinear scattering can be related to other
effects such as laser-induced refractive index mismatch between particles and solvent [74]. In
nanocrystals colloids that had undergone the post-synthetic washing, the change of n, from
negative to positive can also be attributed to optical Kerr effect and thermal effect originating
from the heat released by the nonradiative relaxation, similar to what was discussed for nonlinear
scattering [62].

However, scattering did not show better limiting than well known scattering media as
carbon-black. This indicates that the PbSe system had a more complicated limiting mechanism
than carbon black which appears related to nonlinear absorption. Nevertheless, from bubble and
DVG (AFRL) and Z-scan (UIC) experiments, the overall performance at different concentration
levels of oleic acid capped PbSe nanocubes after washing in ethanol/hexane mixture can be
chosen as the best limiting nanocomposite of those investigated in this project.

It seems contradictory that nonlinear transmittance and scattering depend on PbSe nanocrystal
surface chemistry rather than shape or size, given that geometry will affect the nanocrystal
surface to volume ratio. However, surface chemistry controls trap states which essentially turn
on or off the third order nonlinear optical absorption which then leads to nonlinear scattering. If
all nanocrystals have similar nonlinear absorption cross sections, then this would explain the
dependence on nonlinear transmittance on washed nanocrystal concentration rather than size or
shape. Nevertheless, further experiments are needed for a more detailed understanding the
mechanisms and their relative contributions to the overall third order nonlinear optical properties
of PbSe nanocrystals.

Figure 21 displays an energy level diagram for the nanocrystals with the excitation and
relaxation process to and from deep trap intermediate states which explained obtained optical
limiting. In this mechanism, limiting includes several steps



1. Excited state absorption (ESA) with intraband relaxation followed by band gap relaxation
then trapping into shallow traps (ST). Surface chemistry controls whether ST leads to
electron-hole recombination, transfer to deep trap (DT), or DT electron-hole
recombination, and either excited state absorption (ESA) via DT or near-IR emission via
1,2, 0r3[22].

2. Bubble formation and shadowing (at high nanocrystal concentration levels) where energy
absorbed by nanocrystals induces ~100 nm-sized bubble formation and those bubbles
effectively scatter laser light. Correlation between NLA and scattering may arise from
bubbles shadowing incoming light, reducing total excited state absorption by the
ensemble [62]. This stage directly causes ablation in films and lost performance in DVG
tests.
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Figure 21. An energy level diagram for semiconducting nanocrystals with the excitation and relaxation
processto and from deep trap intermediate states.
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Films were prepared of these materials and some of them displayed optical limiting below the
ablation threshold. Films prepared by a novel gaseous deposition method also displayed optical
limiting with thresholds near ~100 mJ/cm?; slightly below the ablation threshold for these very
thin films. However, protective polymer layers were required to achieve optical limiting below
the ablation threshold. Lower thresholds for optical limiting must be achieved with these PbS
nanocrystal containing materials before they can be used as film-based optical limiters, since the
laser eye damage threshold is ~3 x 107 J/cm?® at 532 nm and ~2 x 10 J/cm? at 1064 nm (based
upon the ANSI standard). Further work will also be required to prepare these materials in films.

Nevertheless, there are several shortcomings to the preparation of lead chalcogenide NCs,
especially for their use in LEP. UV-exposure and even trace oxygen exposure can alter their



optoelectronic properties. Casting NCs as films can lead to uncontrolled aggregation and can be
related to unsuccessful DVG tests.

Finally, all lead chalcogenide are opague and cannot used at high concentration levels as they
inhibit normal vision. However, two photon absorbing (TPA), linearly transparent materials can
serve as alternatives that can overcome these obstacles. Results for ZnSe nanocrystals showed
that those TPA nanocomposites can also be utilized for optical limiters [80], provided they
undergo post-synthesis treatment via Fe(l11) ion doping. TPA allows material transparency and
improved energy dispersion would suppress bubble formation that damages films. However,
further work is required to optimizing synthetic and post-synthesis procedures for different TPA
metal chalcogenides, for instance, cadmium chalcogenides limiters [21, 81-88]. For example,
other works have shown that the presence of Ag improves two-photon absorption of 2-9 nm
sized CdS nanoparticles [21, 88]. The results presented here indicate that optical limiting via
TPA in various metal chalcogenide nanocrystals can be improved by post-synthetic treatment
and greater attention to surface chemistry.

| 5. Conclusions

a) Key Research Accomplishmentsin Liquid Nanocomposite (LNC) Preparation:

A variety of new LNCs were synthesized in house by colloidal methods. LNC morphology and
chemistry were analyzed by UV/Vis absorption, X-ray photoelectron spectroscopy, selected
energy area diffraction, and transmission electron microscopy. New methods of synthesizing
PbS and PbSe nanocrystals within an organic phase with post-synthesis treatment were
developed to optimize optical limiting in colloidal solutions. All nanocrystals were examined by
Z-scan and were found to display optical limiting after appropriate post-synthesis procedures.
Extra optical testing (DVG and scattering measurements) was performed at AFRL.

Oleic acid capped PbSe nanocrystals of various shapes with large nonlinear absorption
coefficients were synthesized and these nanocrystals were found to be promising materials for
potential application in nonlinear optical devices. Simple post-synthesis treatment, or washing in
ethanol/hexane mixture, eliminated fluorescence of optically excited PbSe nanocrystals and
revealed nonlinear absorption and scattering. This washing changed the nanocrystal surface
chemistry and lead to the formation of deep trap states needed for the nonlinear absorption,
nonlinear scattering, and quenching of near-IR radiative emission.

All lead chalcogenides are opaque and cannot used at high concentration level. Two photon
absorbing (TPA) transparent materials such as ZnSe were found to be promising alternatives for
LEP. Results for ZnSe nanocrystals showed that those TPA nanocomposites can be utilized for
optical limiters. The post-synthesis treatment that worked for these ZnSe nanocrystals was
Fe(I11) ion doping. Furthermore, TPA allows material transparency and improved energy
dispersion that should suppress bubble formation that damages films. However, further work will
be required to optimize synthetic and post-synthesis procedures. It is speculated here that ZnSe
nanocrystals or other TPA nanostructures could display lower nonlinear absorbing thresholds
that might allow optical limiting films to be developed as optical coatings on lenses for effective
LEP. However, further work will be required to discovery such TPA materials such as CdS or
CdAQgyS1x [88] nanocrystals. Overall, optical limiting via TPA in various metal chalcogenide
nanocrystals can be improved by post-synthetic treatment and greater attention to surface
chemistry.



b) Key Research Accomplishmentsin Film Nanocomposite (FNC) Preparation:

A magnetron sputtering, gaseous deposition method was developed for producing PbS
nanocrystals. This method can be applied to the production of films containing various metal or
semiconductor nanocrystals embedded in any film that can be prepared by a gaseous deposition
process.

FNCs were analyzed by open aperture Z-scan at 532 and 1064 nm (5 ns pulse) and 800 nm (50 fs
pulse) and indicated results consistent with optical limiting before ablation for films with a
protective polystyrene overlayer. It should be possible to use the magnetron sputtering, gaseous
deposition method developed here to prepare TPA films for LEP.

These results demonstrated that the value of the nonlinear absorption, scattering and refractive
index can be optimized or switched by simple post-synthetic procedure. The Z-scan technique
directly monitored the appearance of the trap states in the nanocrystals that occurred after the
post synthesis treatment. Further investigations are required to better understand the
mechanisms, absolute value, and total contribution of each mechanism on the overall third order
nonlinear optical properties of nanocrystals.

Similar effect of post-treatment can be applied for any new class of nanocrystals. Results with
post-synthesis treated ZnSe nanocrystals confirm and support this statement.

One U.S. patent [68] is pending for this work and nine referred papers were published [20, 22,
57-63, 89].
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C. Laser Eye Protection: Damage of Materials

| 1. Summary

Low cost fiber and other lasers that produce short- and ultrashort (from nano- to femtosecond)
pulses have begun to appear in the operational theater. The goal of this work was to examine
atypical damage induced by ultrashort pulses in various materials to facilitate evaluation of the
threat from ultrashort pulsed lasers. Damage mechanisms were studied using two techniques:
ablation time-of-flight mass spectrometry (ATOF-MS) and laser-induced breakdown
spectroscopy (LIBS).

a) LIBS

Trains of femtosecond laser pulses were designed to maximize damage to a material. The
principle diagnostics used were laser-induced breakdown spectroscopy (LIBS) and optical and
atomic force microscopy. The LIBS signal was found to increase by an order of magnitude with
the separation between a pair of identical pulses, with evidence that the amount of ablated
material is also enhanced by the double pulse. Still greater enhancement of the LIBS signal was
observed with trains of three and five pulses. Strong second harmonic generation far from the
specular angle is still another indication of enhanced surface damage. The phenomenon of
polarization-resolved LIBS was discovered, and a mechanism based on surface reflection of
unpolarized plasma photoemission was deduced.

b) ATOF-MS
A custom mass spectrometer was designed and built to allow correlation of the effects of pulse
trains on the surface morphology of an ablated surface with the photoluminescence spectrum and
the ion signal formed by ablation. Demonstration experiments were performed at high vacuum
and at intermediate pressures. This system allowed a rare opportunity to obtain this range of
diagnostics for the same process which lead to additional insights into damage mechanisms not
obtained by other methods.

| 2. Introduction

When an intense laser is focused onto a surface, a complex series of events is launched, ending
ultimately in the melting and ablation of the material [1]. The initial step is always excitation of
electrons, which couple to the electric field of the laser. Subsequent behavior depends on the
nature of the material and the properties of the laser pulse. In the case of a metal, the high density
of conduction electrons and their low heat capacity leads to a very rapid increase in the electronic
temperature, followed by thermal equilibration of the electrons and lattice on a time scale of
several picoseconds (ps). For semiconductors and dielectrics, several photons are required to
bridge the bandgap and promote electrons to the conduction band. After this multiphoton
process, collisional absorption by the electrons (also known as inverse Bremsstrahlung) initiates
an avalanche, which creates a plasma. Following these initial steps, the lattice is heated to several
thousand degrees until its temperature exceeds the melting and boiling points of the material.
Non-equilibrium paths may produce super-heated phases, resulting in a phase explosion,
ablation, and spallation. For transparent materials, an additional damage route is self-focusing of
the laser beam inside the material. The resulting energy confinement can create voids, cracks,
and material compaction. In competition with all of these processes, thermal and mechanical



waves radiating from the focal zone transfer energy to surrounding areas and induce collateral
damage.

The duration of the laser pulse is a key parameter in determining the extent of laser damage. For
a given pulse energy, the intensity, I, varies inversely with the pulse width. Since the rate of
multiphoton absorption of n photons is proportional to 1", short pulses are much more effective in
damaging wide bandgap materials. An additional consideration is the rate of thermal and
mechanical dissipation of energy. For sub-ps pulses, damage to the focal area occurs before
thermal and mechanical diffusion to surrounding areas has time to develop. A third consideration
is the possibility of creating trains of very short pulses, such that the target is bombarded
multiple times before energy dissipation occurs. During this period of vulnerability, successive
pulses may cause more damage than a single pulse of the same total energy. This factor is
especially relevant for a moving target. By way of illustration, if a target moving at mach 3 is
struck by a pair of pulses separated by 100 femtoseconds (fs), the typical pulse width of a
Ti:Sapphire laser, the target will have moved only 0.1 nm between pulses. The same target hit
by a pulse-pair separated 1 us (the pulse width of a typical CO, laser) will have moved 1 mm,
well beyond the spot size of a tightly focused laser beam. Still a further consideration is the
possibility of using a feedback loop to convert fs pulses into complex pulse trains designed to
produce maximal damage.

The goals of this research project are to study the damage produced by femtosecond laser pulses
to a variety of materials, including metals, semiconductors, and transparent dielectrics. We have
evaluated the effects of pulse energy, spacing, focal position, and polarization. The principle
tools we have used to assess the effects of the laser pulse are laser-induced breakdown
spectroscopy (LIBS) [2, 3] and optical and atomic force miscroscopy (AFM). In the course of
this work we discovered two new phenomena: (a) polarization of the LIBS spectrum and (b)
second harmonic generation (SHG) at non-specular angles, which is an indicator of surface
damage.

In addition, the ionized part of the plume can be used for mass spectrometric (MS) image
analysis of known and unknown species within inorganic, organic, polymeric, or biological
samples, while maintaining information on their spatial distribution, allowing correlation of
chemical ion signals with macroscopic structures [4-7]. However, it is unclear which pressure is
optimal for imaging. As pressure increases, collisions of laser desorbed species with background
gas lead to internal cooling and collision induced dissociation [8, 9]. Elevated pressures might
also lead to analyte oxidation and/or alteration of desorption plume dynamics. Analysis at
atmospheric pressure (AP) occurs without samples suffering the dehydrating effects (and
resultant structural modifications) of vacuum.

Some prior work using ultrashort laser pulses for desorption and/or ablation has been performed
under vacuum, but most studies been done at AP. This work demonstrated how to design and
build instruments which allow ion signal recording during experiments performed both at high
vacuum or intermediate pressures.



| 3. Methods, Assumptions and Procedures

a) LIBS

A schematic drawing of the basic apparatus is shown in Figure 1. A Titanium Sapphire laser
generates pulses of 800 nm radiation with a duration of 60 fs. In a typical experiment the beam
is divided in two by a beam-splitter (BS). The two components are sent into the arms of a
Michelson interferometer to create a delay between them and then recombined into a single
beam. The energy of the beam is adjusted with a combination of a half wave plate (A/2) and a
polarizer (P). In some experiments, additional half wave plates are used to select the
polarizations of the pulses generated in each arm of the interferometer. A lens or microscope
objective (L) is next used to focus the beam onto the target in open air. A computer-controlled
translation stage moves the sample so that a fresh surface is exposed to each laser shot. An
interference filter (not shown) is used to reject scattered laser light, a second lens is used to focus
luminescence from the crystal onto a spectrograph, and a second polarizer is used to measure the
polarization of the emission.

In some experiments, a spatial light modulator (SLM) is used instead of the interferometer to
generate complex pulse trains [10]. In this apparatus, shown schematically in Figure 2, the beam
is dispersed by a grating, and different frequency components of the beam are focused onto a
mask consisting of 640 liquid crystals. The refractive index of each pixel is set by a computer-
controlled voltage so that different frequency components of the laser beam travel faster or
slower through the crystal. The components of the beam are recombined with a second lens and
grating. By adjusting the voltages on the liquid crystals, we can program the spectral phase of
the beam and thereby synthesize pulse shapes of arbitrary complexity. To assure that the beam
entering the SLM has a Gaussian, transform-limited profile, we first clean up the pulse using the
multiphoton intrapulse interference phase scan (MIIPS) technique [11].

Laser-induced damage to the sample is measured in some experiments using optical and atomic
force microscopy.
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Figure 1. Experimental setup for double pulses
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b) ATOF-MS

The project was focused on construction and development of a novel instrument with variable
pressure, femtosecond (fs) laser ablation TOF-MS (ATOF-MS). Components of the ATOF-MS
had been installed and were functioning by the end of 2011. The setup of ATOF-MS instrument
is shown schematically in Figure 3.
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Figure 3. Schematic of ATOF-M Sinstrument setup.

Samples were placed on a vacuum compatible, high velocity x-y-z motion stage. The fs and ns
lasers were incident at 30° from grazing, as shown by the line. At recent configuration
instrument was coupled rigidly only to a Ti:sapphire laser system from Spectra Physics capable
of delivering 45 fs, 800 nm pulses at 1 mJ/pulse energy and 1 kHz repetition rate. Currently, this
beam is focused through a high damage threshold, long working distance microscope to deliver
~75 fs pulses to a sample with a focus of ~8 um.

The unique features of the ATOF-MS included ~10 pm or better spatial and depth resolution
source that can operate both under vacuum and at elevated pressures. The ATOF-MS setup
employs a hybrid funnel-cone interface to couple the ion source with the linear time of flight
(TOF) mass analyzer, allowing the ion source to operate in three different pressure ranges: <10°®
torr or high vacuum, 10° torr or mid-pressure, and atmospheric pressure (AP). The laminar flow
ion funnel enables efficient ion transport at higher pressures. lons then pass through an
expansion cone to a series of transport lenses that focused the ions onto a second differentially-
pumped aperture and the remainder of the TOF path. Finally, very high speed data acquisition
permitted collection of mass at up to 1 kHz, and a 1x1 mm sample area to be analyzed in 2 um
steps in less than 10 minutes.



| 4. Resultsand Discussions

a) LIBS

In the following sections we consider first the effects of double pulses on LIBS and SHG. Next
we examine the LIBS signal produced by more complex pulse trains. These results are followed
by several studies of the surface damage. Finally we describe the new phenomenon of
polarization resolved laser-induced breakdown spectroscopy.

i. Double-pulse enhancement of LIBS.
A typical LIBS spectrum is shown in Figure 4 for Si(111). Measuring the signal at a fixed
wavelength, we compared the LIBS intensity for a single pulse to that of a double pulse having
the same total energy. The ratio of the two signals is plotted in Figure 4 for a semiconductor
(Si(111) at 505.6 nm), a metal (Cu at 324.75 nm), and a dielectric (CaF, at 317.93 nm) as a
function of the delay between the pulses. In all the cases we see a dramatic enhancement of the
signal with time delay, leveling off around 100 ps. The panel on the right shows the asymptotic
enhancement as a function of laser fluence. The metal and semiconductor display similar
behavior, with the enhancement ratio reaching a maximum value of 11 for Cu and 6.5 for Si at
fluences near 10 J/cm?, whereas the dielectric enhancement rises gradually to a broad maximum
of 2. Our results demonstrate a general phenomenon in which the first pulse produces an excited
non-equilibrium state that is more susceptible to damage than the ground state. In the cases of
the metal and semiconductor, the first pulse melts the material. The liquid film that is produced
has different optical properties than that of the solid and interacts more strongly with the second
pulse. For Si, the liquid layer is a metal, which has a much stronger extinction coefficient at 800
nm than the solid semiconductor. In the case of Cu, the liquid has a higher resistivity and
therefore confines ballistic electrons generated by the laser in a smaller volume. The asymptotic
growth of the enhancement with time is caused by propagation of the melt front into the bulk
material at near sonic speed until its depth equals the photon absorption or electron recoil
distance. The different fluence dependence of CaF; is a consequence of its large bandgap (10.2
eV as compared with 1.12 eV for Si). The material is much less susceptible to melting and
probably undergoes a phase explosion. This work has been published in reference [12].
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ii. Double-Pulse SHG.
In the course of our studies of double-pulse LIBS, we discovered that under certain controlled

conditions a strong second harmonic signal near 400 nm dominates the spectrum. This effect is
illustrated in Figure 5, where the LIBS spectrum of Si(111) is shown for different focal positions
and pulse separations. These spectra were obtained with a laser beam incident at 30° from the
normal and detected at right angles (i.e., at 60° from the normal). For focal positions 50 pm
above the surface (upper left panel) and 100 um below the surface (lower right), we obtain
normal multi-line LIBS spectra, with maximum intensity occurring for a pulse spacing of 93 ps.
Very different behavior is observed when the laser is focused on the surface (upper right) and 50
pm below the surface (lower left). In these cases, a single 400 nm peak is observed that much
stronger than any of the atomic lines. This signal, which reaches maximum intensity at a pulse
separation of 20-40 ps, is the second harmonic of the Ti:Sapphire laser. Its appearance far from
the specular angle of 30°is indicative of surface damage, which scatters light in a cone about that
angle. Similar behavior was observed for BK7 glass. Figures 6-9 show in more detail the
dependence of the SH signal on pulse delay, focal distance, and pulse energy. The stronger-than-
quadratic energy dependence below 10 uJ is evidence that the effect we are seeing is caused by
harmonic generation in a plasma and is not simply a surface effect [13]. A manuscript describing
this work, which is part of the doctoral thesis of John Penczak, is in preparation.
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iii. LIBS Spectra from Complex Pulse Trains.
In the next step we increased the number of pulses from 2 to 3 and then 5. This was
accomplished by replacing the interferometer with a 640 pixel spatial light modulator (SLM,
Figure 2). By employing a spectral phase that varies sinusoidally with pixel number, we
generated trains consisting of odd numbers of equally spaced pulses with controllable spacing
and amplitudes. In addition, a double pulse was generated by using a V-shaped phase function.
Preliminary results are shown in Figures 10 and 11 for BK7 and Si(111), with the laser focused
50 pum below the surface for BK7 and on the surface for Si. The various panels correspond to
different spacing of the pulse trains. We see that in general the spectrum is a sensitive function of
the number and spacing of the sub-pulses for a fixed total energy. A systematic study of the




pulse shape effect remains to be done. A particularly exciting prospect is to use a feedback loop
to create pulse trains that induce specific outcomes, such as to maximize the spectral output in a
particular wavelength range or to minimize/maximize the overall damage. We have already
achieved such an effect for GaAs as part of a different research program [14].
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Figure 10: Plasma emission from BK 7 produced by complex pulsetrains
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iv. Diagnostics of Surface Damage.
Several techniques were used to determine the surface damage created by laser pulse trains.
Figure 12 shows optical microscope images of craters produced by a pair of pulses focused 100
pUm beneath the surface of PDMS polymer. The images show maximum damage for pulse
separations between 10 and 100 ps. Figure 13 shows atomic force microscope (AFM) images of
craters produced in Si(111) and CaF,. The V-shape of the Si crater is typical of a melting
mechanism, which does not occur for CaF,. The bottom three panels are AFM images of Si that
was etched for 1 hour with 44% KOH solution after irradiation. The pulse delays were (a) 1.5,
(b) 66, and (c) 86 ps.
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The white areas in the center of panels (b) and (c) are produced by amorphous Si, which is much
more resistant to etching than the crystal. The large amount of amorphous material in the crater
is likely caused by condensation of material in the plume. The presence of this material
highlights the difficulty of using only microscopy to assess material damage, inasmuch as the



amount of material ablated by the laser may far exceed the volume of the observed crater. This
point is brought home in the Figure 14, which compares crater volume and LIBS intensity under
various conditions. The open circles show that for single pulses the crater volume is roughly
proportional to the LIBS signal, although some re-condensation may have occurred. The laser
fluence is increased from 6.2 to 91.4 J/cm?, going from left to right. The solid points are for a
double pulse having a fixed fluence of 44.5 J/cm?, with the pulse separation increasing from 0 to
105 ps. The arrow indicates the corresponding point for a single pulse with a fluence of 44.5
Jlcm?. At first glance it appears that increasing the pulse delay has no effect on the amount of
material ablated, even though we showed in Figure 4 that the LIBS signal increases with delay.
The effect of the second pulse is the subject of some controversy, with some researchers
maintaining that the increased LIBS signal is caused by laser heating of the plasma (e.g., by
vaporization of particulates in the plume) created by the first pulse. If this were the case,
however, the crater volumes for the solid points would be only half the values shown in the
figure because the total energy is divided equally between the two pulses. Figure 15 presents
definitive proof that the second pulse reaches the surface and does more damage than a single
pulse of the same total energy. In this experiment we ablated a bilayer consisting of a 100 nm Au
film deposited on a Si substrate. The single pulse spectrum shows only Au lines, whereas the
double pulse shows not only a more intense Au signal but also clear evidence of ablation of the
Si substrate. More systematic experiments are planned.
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Figure 14. Volume of Si craters
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v. Polarization-Resolved Laser-Induced Breakdown Spectroscopy (PRLIBS).
Early in this research program we observed that under some conditions the LIBS signal may be
strongly polarized, both for ns and fs ablation pulses [15-19]. An example of this phenomenon is
evident in Figure 4. In order to elucidate the mechanism, we repeated the experiment at the
Center for Nanoscale Materials at Argonne National Laboratory, where we had access to a ps
streak camera, which allowed us to measure the polarization as a function of time. After a
number of false starts, we obtained strong evidence that the mechanism for this effect is
reflection of the plasma emission by the liquid layer generated by the laser. Key results are
shown in Figures 16-19.

Figure 16 shows the temporal evolution of (a) the LIBS signal, (b) the amount of polarization,
and (c) the angle of the polarized emission produced by single fs laser pulses. The horizontal
line in panel (c) corresponds to s-polarized emission. The data show that (a) the signal level and
polarization properties are independent of laser polarization, (b) the amount of polarization
grows with time delay, even as the level of the signal falls off by several orders of magnitude,
and (c) the emission is always s-polarized. Figure 17 shows that for ns pulses the amount of
polarization is constant for fluences below 30 J/cm? and falls exponentially at higher fluences.
Figure 18 shows the dependence of the level of polarization on the detection angle for a fixed



angle of incidence. The data show a maximum polarization for a near- grazing angle (80°)
detection. A mechanism, shown schematically in Figure 19, which is consistent with all of our
data is that the s-polarization is the result of Fresnel reflection of unpolarized plasma emission by
the surface. Assuming that half of the light reaches the detector directly without being polarized
and that the other half is s-polarized by the surface, we obtain quantitative agreement with the
calculated polarization from a reflecting layer of liquid Si. This discovery was the subject of an
invited paper presented at the 11" Euro-Mediterranean Symposium on LIBS in Cesme, Turkey
and has been accepted for publication in Spectrochimica Acta B [20].
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b) ATOF-MS

The beginning stage of the ATOF-MS construction was completed at the start of 2011 and
included setting up of the ion optics (Einzel lens and deflector), high voltage pulsing grids and
the cone that separates the ion source from the main chamber. Experiments with ablation of
various targets (Ag, Cu, Ta, Mo, and Au) allowed the determination of experimental parameters,
improved MS resolution and signal/noise ratio.

Figure 20 shows a typical MS of a silver (Ag) target with correct isotopes (***Ag, 1®Ag) ratio
and mass resolution R ~ 400. It was founded that mass resolution was best near laser ablation
threshold for all metal targets.
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Figure20. TOF-M Sof Ag target ablated by fslaser pulses.



The next stage of ATOF-MS construction was completed at the end of 2011 and included mid-
vacuum ablation experiments which demonstrated how collisions of laser ablated species with
background gas lead to internal cooling, collision induced dissociation, cluster formation,
protonation, charge transfer, and other gas phase collision events. The complicating factors of
integrated ionization are shown for the example of laser ablated N-(1-pyrenyl) maleimide (NPM)
in Figure 24. At high vacuum, the parent ion of NPM forms along with several large mass
fragments where were suppressed at the elevated pressure of 10° Torr of He. The additional
appearance of the m/z 55 ion at 10” Torr at the expense of the M-55 ion (observed at high
vacuum) can be interpreted as resulting from charge transfer events.
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Figure 21. TOF-M S of N-(1-pyrenyl) maleimide (NPM) from 800 nm, ~70 fslaser ablation at a fluence of 10
Jlcm? from a crystalline film. Under high vacuum (10° Torr or below, bottom spectrum in blue) the
molecular ion (M) isobserved. At the higher pressure of 10° Torr of He (top spectrum in red), the higher
massionsare suppressed or undergo collision induced dissociation. The daughter ion from the characteristic
lossat M-55isseen at 102 Torr, indicating chargetransfer processes not present at high vacuum.
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Figure 22. Tantalum cluster mass spectra from ablation by 800 nm, ~70 fslaser pulses at a fluence of 8 J/cm?
from a laser-cleaned area of chemically etched bulk Ta. Under high vacuum (<10° Torr, bottom spectrum in
blue) aseriesof Ta clustersto at least Tays are observed within factors of 1-3 above the ablation threshold.
Approaching higher pressures (102 Torr He, top spectrum in red) significant ion suppression and collision
induced dissociation is observed, and only a few clusters are seen.
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Further evidence of the role of post-ablation collisions in femtosecond laser desorption is shown
in Figure 25. The TOF-MS of tantalum atomic and cluster ions observed in high vacuum mostly
disappear due to ion suppression and/or collision induced dissociation when the ablation occurs
into 10 Torr of He. Ablation of semiconductor targets (Si, GaAs) at threshold conditions
obtained similar results for cluster suppression at mid-vacuum conditions (data not shown).
Measurements of the ATOF-MS under vacuum of undoped GaAs yielded high resolution GaAs
MS displaying individual isotope peaks as well as dimers, trimers, tetramers and pentamers.

Figure 26 shows a photo of the ablation plume for NPM formed by 800 nm, ~70 fs laser pulses at
two different He background pressures. The photo at 10 Torr pressure shows more NPM
fluorescence due to an increase in gaseous collisional cooling and plume confinement compared
with 10 Torr.
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Figure 26. Photogr aphs of fluorescent plumes from a film of N-(1-pyrenyl) malemide (NPM) ablated from a
metal surface using 800 nm, ~70 fslaser pulsesat a fluence of 10 J/cm? (several times ablation threshold). The
sampleisin profile with the femtosecond laser incident near the center of thefield of view. Both photos have
been inverted, noise filtered and levels adjusted identically. a) The high vacuum (10® Torr) photo shows a
diffuse plume from the uncooled, high trandational energy molecules. b) The photo recorded at a
background pressure of 10 Torr of He shows a significantly brighter plume is observed which indicates that
collisional cooling is confining the ablated molecules. The energy of the ionized portion of the ablated
material extendsto over 100 eV, as deter mined by an electrostatic energy analyzer. The scale bar in each
photo correspondsto 1 mm.

Finally, an additional task was performed at the end of 2011 that tested a new microfocusing
light optic and software for MS-imaging measurements for 2D analysis and depth profiling for
3D analysis. MS-imaging scans of metal TEM grids achived 20 micron resolution with 25 cm
focal length lens. Another 17.5 cm focal length objective lens was installed and a 5 micron laser
spot was archived. Due to the objective lens outgasing, pressures below 107 torr could not be
achieved. Depth profiling was successively performed through 300 nm thick Ta,Os on Ta Foil
and collodially synthesized, ~4 nm PbS nanocrystals nanocomposites on stainless steel were also
analyzed (data not shown).

| 5. Conclusions

a) LIBS

Double pulses of femtosecond laser radiation produce an order-of-magnitude more intense laser-
induced breakdown spectrum. There is substantial evidence that the enhanced photoemission is
accompanied by greater material damage. Complex pulse trains produce even more intense LIBS
spectra, and there are prospects for optimizing this effect by using feedback to shape the laser
pulse. A strong second harmonic signal was observed far from the specular angle. This effect is
produced by a double laser pulse and is sensitive to the pulse separation and focal position.
Polarization of the LIBS spectrum was observed for the first time, and evidence was found for a
surface-reflection mechanism.

This work opens up several promising new lines of inquiry. A learning algorithm may be used to
create laser pulses designed to maximize or minimize damage to a surface. This methodology
may also be used as a powerful diagnostic tool, with the pulse shape optimized to maximize the
LIBS spectrum in specified spectral regions. Bilayers of material consisting of metal or



semiconductor films deposited on selected substrates may be used to obtain quantitative
information about the ability of a laser to penetrate the surface. Feedback techniques may be
used to enhance this effect.

b) ATOF-MS
Construction of an ATOF-MS was completed and the instrument was found to display sufficient
MS resolution. This instrument incorporates a time of flight (TOF) mass analyzer and a variable
pressure vacuum ion ablation, which currently operate under transition gas flow conditions up to
pressures of ~107 Torr. Operation at intermediate pressures facilitates comparison with
photoluminescence studies of femtosecond laser ablation.
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D. Biomarkers in Laser Induced Retinal Injury in Rabbits

| 1. Summary

Laser-based devices are used by the armed forces in a wide range of applications, these include
range determination, target designation, defensive counter measures, and as guides [1].
Although many safety standards for laser use have been established by the Occupational Safety
and Health Administration (OSHA), injuries still occur, including in military settings [2-6].

Both military personnel and first responders are vulnerable to blinding laser eye injuries in
combat or from inadvertent exposure to laser radiation from enemy or friendly sources.
Regardless of the origins of the exposure, the retina is the most vulnerable to tissue damage from
laser radiation due to its natural function of focusing light. The mechanism of damage can be
photothermal, photomechanical, or photochemical [7] and lead to damage or death of retinal
neuronal and retinal pigment epithelial (RPE) cells and disruption of the outer blood-retinal
barrier [7-11]. Laser induced retinal injuries at the posterior pole of the eye are often
asymptomatic immediately following injury [12]; however an undiagnosed retinal lesion can
result in a loss of visual acuity or blindness over time. Currently, diagnosis of retinal lesions
requires specialized equipment and ophthalmological expertise. Therefore, because the potential
for exposure (whether accidental or intentional) to laser is increasing, the need to more rapidly
diagnose laser eye injuries is crucial. In this project, we were able to establish panels of protein
biomarkers indicative of laser induced retinal injury in the rabbit. These biomarkers were
detected in the serum and saliva of laser treated animals. The same series of experiments also
established a panel of anti-retinal antibodies that are detected in the serum in response to laser
lesions in the retina twelve weeks following injury [13]. Experimental outcomes in this project
and previous projects [14] support the hypothesis that proteins from the laser damaged retina can
leak into the systemic circulation and can be detected in body fluids. Varying experimental
conditions, such as lesion grade, dosage, and exposure patterns, influenced the protein biomarker
response. These proteins could be used as potential biomarkers for diagnosis for retinal injuries
that result from exposure to laser.

| 2. Introduction

Lasers (light amplification by stimulated emission of radiation) were discovered in the 1960s
[15] and quickly became part of daily life. Laser implementation in the armed forces has
increased rapidly and has been used in range determination, target acquisition, as guides “smart
weapons” as well as in many other applications [1]. Exposure to these lasers may result in retinal
injuries or damage because of the concentration of the visible and near-infrared radiation to the
retina [16]. Military personnel and emergency responders are the most vulnerable individuals to
such damage.

Laser induced retinal injury at the posterior pole of the eye is often symptomatic [12] and
detection of inadvertent laser exposure of wavelengths beyond the visible spectrum has been
difficult, especially if the exposure is away from the macula [1]. Retinal laser damage could
involve the entire retinal thickness and has been studied in animal models [7, 8, 11, 17].

Laser retinal damage can occur by photothermal, photomechanical, photodisruptive or
photochemical mechanisms [7], leading to varying degrees of retinal neuronal and retinal



pigment epithelial (RPE) cell damage or death [7-10]. In addition, the blood-retina barrier is
disrupted, which is associated with local inflammation and the upregulation of
immunoregulatory molecules, such as prostaglandin E2 [18], cellular adhesion molecules,
intercellular adhesion molecule 1 and vascular cell adhesion molecule 1 in the retina [19].
Disruption of the blood-retinal barrier following laser photocoagulation may lead to the release
of retinal proteins into the blood circulation. We hypothesized that these proteins could be
detected in body fluids such as serum and saliva immediately after the injury or could initiate an
immune response, resulting in autoantibodies that are detectable in the serum. These proteins and
autoantibodies could serve as molecular biomarkers for retinal injuries caused by laser. The
concept of a systemic immune response to retinal injuries is not new and has been described in
chronic diseases that affect the retina, such as age-related macular degeneration [20], diabetic
retinopathy [21] and glaucoma [22]. In this project, we describe the detection of retinal proteins
and anti-retinal antibodies in the body fluids of rabbits whose eyes were treated with laser and
establishment of biomarker panels that could help in the diagnosis of retinal injuries caused by
lasers in military settings.

| 3. Methods, Assumptions and Procedures

a) Animals
A total of 303 Dutch Belted (DB) rabbits were used for the project which consisted of 3 different
experiments (experiment 1: n=90, experiment 2: n=72 (x2) and experiment 3: n=69).
Experiments varied laser power used, the time from treatment to sample collection, and the
number of laser treatments (Table 1). Experiment 2 was performed twice to clarify inconclusive
results.

Table 1: Project experimental design

EXPERIMENT LASER GRADE NUMBER OF TIMER POINTS FOR NUMBER OF LASER NUMBER OF
LASER LESIONS  SAMPLE COLLECTION TREATMENTS ANIMALS
6 SALIVA
MVL 50 1H, 4H, 24H, 1 24 SERUM
1w,12w
6 SALIVA
EXPERIMENT 1 Gll 50 1H, 4H, 24H, 1 1 24 SERUM
w,12w
6 SALIVA
Gl 50 1H, 4H, 24H, 1 24 SERUM
1w,12w
6 SALIVA
MVL 5 1H, 4H, 24H,12W 1 18 SERUM
EXPERIMENT 2
6 SALIVA
MVL 10 1H, 4H, 24H,12W 1 18 SERUM




6 SALIVA
MVL 50 1H, 4H, 24H,12W 1 18 SERUM

6 SALIVA

MVL 50 24H, 12w 1 9 SERUM

EXPERIMENT 3 6 SALIVA
MVL 50 24H, 12w 2 18 SERUM

6 SALIVA
MVL 50 24H,12wW 3 24 SERUM

MVL: minimally visible lesion, GllI: Grade two, GllI, Grade IlI, h: hour, w: week

Animals were purchased from Myrtle’s Rabbitry, Inc. (Thompsons Station, TN) and were
housed at the Comparative Medicine Unit Animal Facility at the Northeastern Ohio Medical
University (NEOMED). All experimental protocols were approved by the North Eastern
University of Ohio College of Medicine Institutional and Animal Care and Use Committee (#10-
039 and 08-022) and US Air Force Animal Use Programs (AFDW-2011-003A).

All animal procedures were carried out under general anesthesia using a combination of
subcutaneous injection of dexmedetomidine (approximately 0.25-0.5 mg/kg; Pfizer Animal
Health, New York, NY) and ketamine (15-20 mg/kg; Fort Dodge Animal Health, Fort Dodge,
IA). Upon completion of the procedures, atipamazole (0.5 mg/kg) was administered as a
reversing agent. At the end of the experiment, animals were euthanized using a pentobarbital-
containing solution (Fatal Plus) (80-100 mg/kg) intravenously.

b) Laser treatment

Retinal laser lesions were created, after pupillary dilation with one drop each of tropicamide
1.0% (Bausch & Lomb, Tampa, FL) and phenylephrine HCI 2.5% (Alcon Laboratories, Fort
Worth, TX), using a double frequency Nd:YAG laser at 532 nm mounted on a Haag-Streit BQ-
900 slit lamp. A Goldmann contact lens was used to help aim the laser beam into the retina. The
laser settings for power (mW), duration (ms), and spot size (um) that were used to create the
three grades of lesions were as follows: MVL (100 mW, 100 ms, 500 um), GII (150 mWw, 200
ms, 500 um), and GII1 (300 mW, 200 ms, 500 um). The control animals for each group were
treated in the same manner, except for the laser application. Fundus photography was performed
after laser treatment and in control animals following slit lamp examination.

c) Clinical assessment of lesions by direct examination and photography

Fundus photography was performed after laser treatment and in control animals following slit
lamp examination. Pictures were taken for every animal.




d) Histological confirmation of lesions and clinicopathologic correlation of injury

Rabbit eyes at each time point and at the end of the procedure were enucleated, fixed in 10%
buffered formalin, processed, and embedded in paraffin. 5-um-thick sections were prepared for
histological examination of the laser lesions.

e) Saliva collection

Saliva was collected from each rabbit following a subcutaneous injection of pilocarpine (1.0
mg/kg) to stimulate salivation under general anesthesia before laser treatment and at 1hr, 4hrs
and 24hrs after laser treatment. Samples were collected on ice and shipped on dry ice to the lab
where they were stored at —80°C until processing.

f) Blood Collection

Blood was collected by cardiac puncture from both laser-treated and control animals separately.
Blood collection was performed under deep anesthesia using a combination of ketamine (50-70
mg/kg) and dexmedetomidine (1-2 mg/kg). The collected blood was incubated at room
temperature for approximately 15 minutes to allow clotting, and then centrifuged for 15 minutes
before serum collection. Contact with the blood cells (bottom layer) was avoided to prevent
possible contamination. The serum was aliquoted and stored at -80°C until processing.

g) Retinal protein preparation
Normal DB rabbit retinal protein lysates were prepared as previously described [23] with some
modifications. Briefly, whole retinas containing sensory retina, RPE and choroid collected from
the animals at the time of enucleation were disrupted in 0.5 mL of homogenization buffer (10
mM Tris-HCI pH 7.4, 1 mM EDTA, 200 mM sucrose, 1 mM phenylmethylsulfonyl fluoride),
and cell debris was removed by centrifugation at 1000 x g for 5 minutes at 4°C. The supernatant
was centrifuged at 16,000 x g for 30 minutes at 4°C. The resulting supernatant was solubilized in
Triton X-100 solubilization buffer (50 mM Tris-HCI pH 7.5, 100 mM NaCl, 5 mM EDTA,
0.05% SDS, 2.5% glycerol, 1.0 mM phenylmethylsulfonyl fluoride, 1% Triton X-100) for at
least 4 hours at 4°C. Protein concentration was measured using the bicinchoninic acid Protein
Assay Kit (Thermo Scientific, Rockford, IL). Proteins were concentrated using Amicon Ultra-4
centrifugal filter devices (Millipore, Billerica, MA).

h) Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE)
Retinal proteins (80 pg/strip) were diluted in ReadyPrep 2-D Starter Kit Rehydration/Sample
Buffer (8 M urea, 2% CHAPS, 50 mM DTT, 0.2% Bio-Lyte 3/10 ampholyte, 0.001%
bromophenol blue; Bio-Rad, Hercules, CA), loaded onto 11 cm Immobiline Dry Strips, pH 3-11
non-linear (GE Healthcare, Piscataway, NJ) and rehydrated for 16 hours at room temperature.
The first-dimension separation was performed in a Protean isoelectric focusing cell (Bio-Rad,
Hercules, CA) at 250 V for 15 minutes, followed by an increase to 8000 V for 30 k\VVh. After the
first-dimension separation, gel strips were rinsed in 1X Tris-Glycine (TG) running buffer (25
mM Tris, 192 mM glycine + 0.1% SDS) for 10 minutes, equilibrated for 15 minutes in
equilibration buffer 1 (6 M urea, 0.375 M Tris-HCI pH 8.8, 20% glycerol, 2% SDS, 2% DTT),
followed by 15 minutes in equilibration buffer 11 (6 M urea, 0.375 M Tris-HCI pH 8.8, 20%
glycerol, 2% SDS, 2.5% iodoacetamide), then loaded onto 12.5% criterion Tris-HCI gels (Bio-
Rad, Hercules, CA). Proteins were subjected to electrophoresis at 175 V in 1X TG running
buffer for the second-dimension separation.



1) Western blot

Following 2D-PAGE, the proteins were transferred to a polyvinylidene fluoride (PVDF)
membrane overnight at 10 V in 1X TG transfer buffer (25 mM Tris, 192 mM glycine + 0.05%
SDS + 20% methanol). Membranes were blocked with 5% bovine serum albumin (BSA) in Tris-
buffered saline + 0.1% Tween 20 (TBS-T) for 8 hours at 4°C, then probed with sera from the 12-
week laser-treated or control animals. Sera from each rabbit were tested individually and not
pooled. The serum was applied at a 1:100 dilution in 2% BSA in TBS-T overnight at 4°C,
followed by 3 washes with TBS-T for 10 minutes each. Goat anti-rabbit 1gG- Horseradish
peroxidase (HRP) conjugated secondary antibody (SantaCruz Biotechnologies, Santa Cruz, CA)
was applied at a 1:25,000 dilution in 2% BSA in TBS-T for 1 hour at room temperature,
followed by 4 washes with TBS-T for 10 minutes each. The signal was visualized using
SuperSignal West Pico Chemiluminescent substrate (Thermo Scientific, Rockford, IL).

J) Protein Spot Analysis
Western blot images were scanned and analyzed using Ludesi Redfin software basic analysis
(http://www.ludesi.com/redfin/).Western blot images probed with sera from laser-treated animals
were compared to those probed with sera from control animals. Spots that were present in the
blots from at least two laser-treated animals and absent in all of the control blots within a group
were selected for protein identification. The membranes were matched using all-to-all spot
matching. The integrated intensity of each spot was measured, background-corrected and
normalized. The normalization removes differences originating from variations in staining,
scanning time and protein loading by mathematically minimizing the median expression
difference between the matched spots [24]. For spot excision, gels were run with 11 cm
Immobiline Dry Strips, pH 3-11 non-linear, rehydrated with 120 ug of protein as described
above, then silver stained as previously described [25, 26]. Briefly, gels were fixed in 45%
methanol + 7% acetic acid for at least 30 minutes and washed 3 times for 5 minutes each to
remove the fixer. Gels were sensitized by incubation in 0.02% sodium thiosulfate pentahydrate
for 90 seconds, followed by 3 washes with water for 30 seconds each. Gels were incubated for a
minimum of 25 minutes in 0.2% silver nitrate solution, followed by 3 washes with water for 1
minute each. Gels were then developed by incubation in 6% sodium carbonate + 0.018%
formaldehyde + 0.0004% sodium thiosulfate pentahydrate until stained. Development was
terminated by incubation in 45% methanol + 7% acetic acid. The selected spots were excised
from the silver-stained gels for analysis by LC-MS/MS.

k) Liquid chromatography mass spectrometry (LC-MSMS)

i. Sample preparation

a. Saliva and serum
Sample preparation and nano-LC/MS/MS were performed as described previously [27]. Briefly,
after trypsin digestion, peptide mixtures were separated using a C18 reverse phase column
(0.75A internal diameter at a flow rate of 1 ul/min) in line with the mass spectrometer. The
mobile phases consisted of 0.1% formic acid containing 5% acetonitrile (A) and 0.1% formic
acid in 95% acetonitrile (B) respectively. A 180-minute linear gradient was used followed by 60
minutes of equilibration in solvent A. The ions eluted from the column were electrosprayed at a
voltage of 1.75 kV. Nano-HPLC-mass spectrometry was performed using an LTQ mass




spectrometer (Thermo Fisher Scientific; Waltham, MA) coupled to a Surveyor HPLC system
(Thermo-Fisher Scientific, Waltham, MA) equipped with a Micro AS autosampler.

b. 2D gel spots
The excised 2D spot gel pieces were processed individually as previously described ** with

minor modifications to the gel washing steps. The gel pieces were fixed in 1 ml of 40%
methanol, 7% acetic acid for 30 minutes and destained by washing with water once, followed by
washing for 30 minutes with 50 mM sodium thiosulfate and 15 mM potassium ferricyanide until
the silver color disappeared. Pieces were then washed four times with water, once with 200 mM
ammonium bicarbonate, and twice with 100 mM ammonium bicarbonate in 50% acetonitrile,
then dried under vacuum using a SpeedVac. To each gel piece, 200 pl of 2700 MM ammonium
bicarbonate (pH 8.0) containing 0.5 pug trypsin (Promega; Madison, WI) was added and
incubated overnight at 37°C. Peptides in each gel piece were extracted with three washes of 70%
acetonitrile and 0.1% formic acid. The extracts were then pooled together and dried. 20 ul of 6
M guanidine-HCI in 5 mM potassium phosphate and 1 mM DTT (pH 6.5) was added to each
dried sample and sonicated. Peptides were then extracted using a C18 ZipTip (Millipore,
Billerica, MA) and subjected to nanospray LC-MS/MS analysis. Each sample was run once on
the mass spectrometer using an extended linear gradient as described below.

ii. _Nanospray LC-MS/MS spectrometry
Automated nanospray liquid chromatography tandem mass spectrometry (nanospray LC-
MS/MS) was performed using an LTQ-LC/MS (ThermoFisher Scientific, Waltham, MA).
Peptide mixtures were separated using a C18 reverse phase column (0.75-A internal diameter at
a flow rate of 1 pl/min) in line with the mass spectrometer. The mobile phases consisted of 0.1%
formic acid containing 5% acetonitrile (A) and 0.1% formic acid in 95% acetonitrile (B),
respectively. A 180 minute linear gradient was used, followed by 60 minutes of equilibration in
solvent A. The ions eluted from the column were electrosprayed at a voltage of 1.75 kV. The
LC-MS/MS cycle was 6 MS/MS scans per full MS scan, with dynamic exclusion enabled, +/-
1.5 Da tolerance and 12 second exclusion duration.

I) Dataanalysis
The MS data collected were analyzed using the SEQUEST algorithm (Thermo Fisher Scientific;
Waltham, MA) searched against the mammalian including the rabbit subset of the UniProt
database [28] using a peptide mass tolerance of 2.5 Da, a fragment mass tolerance of "0", which
is effectively 1 Da, and monoisotopic masses. For the spectral counting, Relative quantitative
expression of proteins was determined using scan counts as previously described [28, 29]. To
determine the proteins with significantly different levels between laser and control samples, data
from each group were combined using “Visualize” (Medical College of Wisconsin, Milwaukee,
WI). Normalized p-values were determined using the G test (log likelihood ratio test for
goodness of fit) as previously described [30]. Post-hoc adjustment of the p-value was performed
using the Holm-Sidak test to correct for multiple comparisons. Proteins with an adjusted p-value
<0.05 were sorted into up-regulated or down-regulated sets based on a log 2 ratio of greater than
1 or less thanl as previously described [31].



m) Validation studies

Validation assays that included immunohistochemistry and western blot were performed to
confirm the expression of the candidate autoantigens identified from the autoantibody
experiment in the rabbit retina as described below:

i. Immunohistochemistry
Deparaffinized slides from normal DB rabbit eyes were rehydrated using graded ethanol.
Antigen retrieval was performed using 1X antigen retrieval solution (Dako; Carpinteria, CA) per
the manufacturer’s instructions. The sections were blocked for 45 minutes using 10% normal
goat or donkey serum and subsequently labeled by overnight incubation at 4°C with antibodies
to the following proteins: dihydropyrimidinase-related protein 2 (DRP-2) (1:100; LifeSpan
BioSciences, Seattle, WA), fructose-bisphosphate aldolase C (ALDC) (1:100; SantaCruz, Santa
Cruz, CA), pyruvate kinase isozyme (PKM2) (1:100; LifeSpan BioSciences, Seattle, WA) and
chaperonin containing T-complex polypeptide 1 subunit zeta (TCP-1-zeta) (1:100; Abnova,
Taipei, Taiwan).The sections were then incubated with DyLight 488- or Texas Red-conjugated
secondary antibody (Jackson ImmunoResearch Laboratories, Inc.; West Grove, PA) for 1 hour at
room temperature. Blocking and washing steps were performed in a humid chamber at room
temperature. All washes were performed three times for 5 minutes each in phosphate-buffered
saline (PBS). Antibody binding was detected by immunofluorescence and visualized using an
Olympus BX51 fluorescent microscope (Olympus, Tokyo, Japan).

ii. Western blot
DB Retinal protein lysates (20ug/lane) were separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and then transferred to PVDF membrane overnight.
Membranes were blocked in 2% BSA in TBS-T for 2 hours and then incubated with the primary
antibody: dihydropyrimidinase related protein-2 (1:1000; LifeSpan BioSciences, Seattle, WA),
fructose-bisphosphate aldolase C (1:500; SantaCruz, Santa Cruz, CA), pyruvate kinase isozyme
(1:1000; LifeSpan BioSciences, Seattle, WA), and chaperonin containing T-complex polypeptide
1 subunit zeta (1:200; Abnova, Taipei, Taiwan) for 2 hours, followed by HRP-conjugated
secondary antibody for 1 hour. All washes were performed 3 times for 10 minutes each in 1X
TBS-T. Signal was detected using SuperSignal West Pico Chemiluminescent substrate (Thermo
Scientific, Rockford, IL).

iii. Functional categories
Autoantigens were analyzed using Pathway Studio 6.0 software (Ariadne, Rockville, MD).
Using the human homolog gene identifiers, the autoantigens were analyzed for their molecular
function and biological process.

| 4. Resultsand Discussions

a) Fundusimaging and histology

MVL laser burns caused light gray retinal lesions, and Gl1I burns produced grayish-white lesions,
while GIII burns produced lesions with distinct white centers surrounded by grayish-white rings
(Figure 1A, 1B and 1C respectively). Hematoxylin and eosin (H&E) staining of the retina treated
with MVL lesions showed minimal disruption of the retinal pigment epithelium with intact
overlying retina (Figure 2A). GlI lesions showed disruption of the sensory retina with
mummification of the outer segments and disruption of the RPE (not shown), and GllII lesions



showed RPE disruption with inflammatory reaction in the underlying choroid, mummification of
the outer and inner segments and disruption and edema of the outer nuclear layer (Figure 2B).

Figure 1. Fundusimages of retinal lesions. A) MVL, B) GllI, C) Gll|

Figure2. H& E staining of retina. A) MVL lesion, B) Gl

b) Detection of retinal proteinsin saliva and serum of laser treated rabbits

In order to investigate whether the damage of retinal tissues caused by laser (shown with
histology) also caused leakage of retinal proteins into the systemic circulation, we performed a
global proteomic approach (LC-MS/MS) as described in the methods section. Identifying the
total proteomes of complex mixtures using LC-MS/MS has been widely used for global
molecular characterization of diseases [32-35]. Studies with label-free LC-MS/MS shotgun
proteomics have demonstrated that peptide counts, and mass spectral count correlate with relative
protein abundances in complex samples [28] and that the greater the number of peptide and
spectral counts, the greater the relative abundance of a given protein in the analyzed samples.
Using this approach, we were able to detect a total 14 retinal proteins in the serum and saliva of
laser treated rabbits at 1h, 4hrs and 24hrs following the treatments (Table 2). These proteins were



not detected in the control animals. These proteins however, were not detected at higher
quantities possibly due to their degradation caused by the proteolytic enzymes present in the

saliva and serum.

Table 2: Description of retinal proteins (biomarker candidates) detected by LC/MS/MSin saliva
and serum samples of laser treated rabbits.

PROTEIN UNIPROTKB/ NCBI FUNCTION TISSUE LOCATION
BIOMARKER SWISS-PROT ID GENEID
CYCLIC NUCLEOTIDE- Q16281/ 1261/54714 | ACTIVATED BY CYCLIC CONE
GATED CATION Q9NQWS8 GMP WHICH LEADS TO | PHOTORECEPTOR
CHANNEL ALPHA- AN OPENING OF THE CELLS (MEMBRANE
3(CNGA3/B3) CATION CHANNELAND | BOUND)
THEREBY CAUSING A
DEPOLARIZATION OF
CONE PHOTORECEPTORS
Q8KO0A8/P16586 | 225600 METAL ION BINDING— | PDE6A IS RoD
/281975 VISUAL SIGNAL SPECIFIC, PDE6C IS
PHOSPHODIESTERASE TRANSDUCTION CONE SPECIFIC.
(PDEG6A, 6C)
ATP BINDING Q80VS6 11304 ATP BINDING OUTER SEGMENT DISK
CASSETTE EDGES OF RODS AND
TRANSPORTER A4 CONES, WITH
(ABCA4) AROUND ONE
MILLION
COPIES/PHOTORECEP
TOR
PHOsDUCIN (PHD) P41686 751516 REGULATION OF VISUAL | OUTER AND INNER
PHOTOTRANSDUCTION | SEGMENTS OF THE
OR IN THE INTEGRATION | ROD CELLS
OF PHOTORECEPTOR
METABOLISM
RETINAL OXIDASE P80456 100008601 | OXIDOREDUCTASE CYTOPLASM (OCULAR
(AOX1) TISSUES)
VOLTAGE-DEPENDENT | 060840 778 CALCIUM ION BINDING | RETINA (MEMBRANE

L-TYPE CALCIUM
CHANNEL SUBUNIT
ALPHA-1F

BOUND)




(CACNAF1)

CALCIUM-BINDING P57796 57010 SIGNAL TRANSDUCTION | ROD SPHERULES AND

PROTEIN 4 (CABP4) CONE PEDICLES OF
THE PRESYNAPSES
FROM BOTH TYPES OF
PHOTORECEPTORS

CALCIUM-BINDING Q9IJLK7 29867 SIGNAL TRANSDUCTION | PHOTORECEPTOR

PROTEIN 1(CABP1) CELLS

CLUSTERIN (CLU) Q9XSC5 100008713 | PROTEIN BINDING MULLER CELL

097862 100009450 PROTEASE INHIBITOR RETINAL PIGMENT

EPITHELIAL CELLS

CYSTATIN (CST3)

FRUCTOSE- P0O0883 100009055 | GLycoLysis THROUGHOUT RETINA

BISPHOSPHATE

ALDOLASE A

(ALDOA)

BETA ENOLASE (BENO) | P25704 100008769 | MUSCLE DEVELOPMENT | THROUGHOUT RETINA

AND REGENERATION

GELSOLIN (GSN) Q7M2V6 100337841 | ACTIN BINDING RETINAL PIGMENT
EPITHELIAL CELLS

SECRETED PROTEIN P36233 100009355 CELL GROWTH RETINAL PIGMENT

ACIDIC AND RICH IN
CYSTEINE (SPARC)

EPITHELIAL CELLS

c) Effect of the laser grade on the biomarker response

In order to determine whether the laser grade affects the biomarker response, animals in
Experiment 1 were divided in 3 groups where 1 eye in each animal in group 1 was treated with
50 lesions of minimally visible lesion (MVL), group 2 with 50 lesions of moderate grade Il laser
(GI1) and group 3 with 50 lesions of the severe grade Il laser grade (GIII). Nine retinal proteins
were detected in this experiment, all 9 proteins were detected in the samples collected from the
group treated with MVL, 4 in the group treated with Gl and 4 in the group treated with GllI

(Figure 3A).
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d) Effect of the number of lesions on the biomarker response

In order to determine whether the number of laser lesions, affects the biomarker response,
animals were treated with MVL and were divided in 3 groups where group 1 received 5 lesions,
group 2 received 10 lesions and group 3 received 50 lesions. The number of retinal proteins
detected was 7, 4 and 7 in the 5, 10 and 50 lesions respectively (Figure 4A). This suggests that
the number of the lesions did not affect the biomarker response.

e) Effect of the laser dose on the biomarker response

In order to determine whether the laser dose affects the biomarker response, animals in
experiment 3 were divided in 3 groups were group 1 received 1 MVL laser treatment, group 2
received 2 MVL laser treatments and group 3 received 3 MVL laser treatments, treatments were
1 month apart. Each treatment consisted of 50 laser lesions applied to one eye and all samples
(saliva and serum) were collected at 24hrs following the final treatment. The number of the



retinal proteins detected was 3 and 2 in the groups that received one and two treatments
respectively. No retinal proteins were detected in the group that received 3 treatments (Figure 5).
This suggests that the laser dose affects the biomarker response. Repetitive laser exposures may
cause greater damage to tissues leading to the degradation of the proteins at the site of injury.
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Figure5. Biomarker response by dose

f) Effect of the sample collection time on the biomarker response

Samples from Experiment 1 and 2 were collected at 1hr, 4hrs and 24hrs. In Experiment 1,a 1
week time point was also included but no retinal proteins were detected in the laser treated
samples. This suggests that the biomarker response is transient. Of the 9 retinal proteins detected
in serum and saliva of laser treated animals in Experiment 1, 2 were detected at the 1hr time
point, 8 were detected at the 4hrs time point, 6 at the 24hrs time point (Figure 3B), In
Experiment 2, a total of 8 retinal proteins were detected in serum and saliva of the laser treated
animals, 2, 3 and 5 were detected at 1hr, 4hrs and 24hrs time point respectively (Figure 4B). This
suggests that the biomarker response is transient. When combining experiment 1 and 2, of the 14
proteins retinal proteins detected in serum and saliva of laser treated animals, 4 were detected at
the 1hr time point, 9 were detected at the 4hrs time point, 11 at the 24hrs time point (Figure 6).
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g) Effect of type of body fluid used

a. Saliva
Saliva was collected from all animals used in this project as paired; the same animal was used to
collect saliva at different time points. Saliva samples were analyzed individually. Combining
results from all 3 experiments, 7 of the 14 retinal proteins detected were in saliva. No retinal
proteins were detected in saliva in Experiment 3 (Figure 7).
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Figure7: Biomarkersin serum and saliva

b. Serum
Serum was also analyzed for biomarkers in this project. Serum is more complex than saliva and
was prefractionated prior to analysis. Each serum sample was prefractionated into 10 different



fractions based on the isoelectric point of the proteins. Since each individual sample became 10
samples, serum samples from each time point were pooled when used for LC-MS/MS. Nine
retinal proteins were detected in the serum suggesting that serum may be a better body fluid for
detection of leaking proteins (Figure 7).

Saliva is clearly the most accessible body fluid and therefore easiest to collect which may have
advantages to the clinical workflow, particularly in austere settings. However, in our study, using
blood for the detection of biomarkers yielded more definitive results. This could be due to the
large number of proteolytic enzymes present in saliva. This also made it difficult to perform
validation studies. Western blot and ELISA experiments using antibodies against the 14 retinal
proteins detected were performed; however, accurate quantitation of proteins and peptides in
serum is challenging because of its complexity [36] and the high abundance of the other proteins
such as Albumin. Therefore, no signal could be detected in the laser treated samples compared to
the controls. Attempts using affinity removal columns to deplete the highly abundant proteins in
the serum were also unsuccessful. The retinal proteins were still below the detection threshold.
The less abundant serum proteins including our retinal proteins could have been removed along
with albumin, hemoglobin and other depleted proteins. Other attempts using Multiple
Monitoring reaction (MRM) to detect these retinal proteins were not successful. MRM is an MS
based approach but more sensitive that LC-MS/MS. It is used for quantitation of peptides in
complex mixtures such tryptic digests of plasma [37]. Studies are needed to establish assays for
validation of these biomarkers.

h) Suggested biomarker panel using LC-MSMS

Based on our results, 3 of the 14 protein biomarkers detected were detected repeatedly in the
serum and saliva of the laser treated animals. These included: Cyclic nucleotide gated channel
alpha 3 (CNGAS3) and beta 3 (CNGB3) and Cone and rod cGMP-specific 3',5'-cyclic
phosphodiesterases (PDEGA, 6B and 6C).

i) Detection of anti-retinal antibodies in the serum of laser treated rabbits

In addition to the direct search for leaked retinal proteins following laser treatments, and based
on our hypothesis that these leaking proteins may initiate an immune response that can be
detected at later time points, we used a two dimensional Western blot (2D WB) followed by
LC/MS/MS to search for any antibodies that were raised to retinal proteins in the serum of laser
treated rabbits 12 weeks after exposure [13]. A total of 18 anti-retinal antibodies were identified
in this study. Four of these candidate antibodies were common between MVL and GII. No anti-
retinal antibodies were detected in Gl treated samples (Table 3). Sera from GlI laser-treated
animals had 11 reactive protein spots (Figure 8); while sera from MVL-treated animals had 7
reactive protein spots. Sera from GllII laser-treated animals did not show any reactive protein
spots. The spot patterns were similar among animals within a group.

Table 3: Biomarker candidatesidentified by two dimensional western blotting in the 12 week serum
of laser treated rabbits (MVL: minimally visiblelesion, Gl1: Grade two laser)

PROTEIN DESCRIPTION LASER GRADE

FRUCTOSE BISPHOSPHATE ALDOLASE C MVL, Gl

DIHYDROPYRIMIDINASE RELATED PROTEIN 2 MVL, Gl




T-COMPLEX PROTEIN 1 SUBUNIT ZETA

MVL,GlII

PYRUVATE KINASE ISOZYMES M1/M?2 MVL,GII
TRANSKETOLASE Gll
TRANSITIONAL ENDOPLASMIC RETICULUM ATPASE Gll
SEROTRANSFERRIN Gli
COFILIN-1 Gll
ALPHA ENOLASE Gll
ELONGATION FACTOR 1-ALPHA 1 Gl
GLUTAMINE SYNTHASE MVL
TRIOSEPHOSPHATE ISOMERASE MVL
UBIQUILIN-1 MVL
TUBULIN ALPHA MVL
TUBULIN BETA MVL
BIFUNCTIONAL PURINE BIOSYNTHESIS PROTEIN MVL
ASPARTATE AMINOTRANSFERASE MVL
HEME BINDING PROTEIN 2 MVL




Figure8. 2D Western blot. A) GII, B) MVL

It is important to note that even the MVL retinal laser lesions, which represent a mild response to
laser-retina interaction, initiated an autoantibody response. Clinically, these lesions are often
transient and may not be detected after a few weeks [38]. A serum autoantibody response could
potentially serve as an indicator of a transient retinal injury, a possibility that needs to be further
investigated.

The immune response appeared to be more robust after the MVL and GlI laser lesions than after
the severe GlII lesions. The more severe GllI lesions may have led to protein degradation at the
site of injury, to the extent that they did not appear in the serum and therefore did not result in an
immune reaction that could be detected in serum similar to MVL and GlI lesions. Antibodies
against some proteins such as Serotransferrin and ubiquilin were detected in only one group for
reasons that are not clear. It could be that these responses are specific to the laser grade used for
each group.

Although the autoantigens identified in this study are not retinal-specific proteins,
immunohistochemistry and Western blot demonstrated that at least four antigens that were
common to MVL and Gl lesions were expressed in the retina in a diffuse fashion including the
outer retina. Other autoantibodies detected in this study were raised against proteins that were
previously known to be expressed in the retina [39, 40]. Furthermore, this observation suggests
that only abundant, and possibly upregulated by injury, retinal proteins act as autoantigens when
they leak into the systemic circulation and result in an immune response.

i. _Identification of the candidate autoantigens by L C-MS/MS
A total of 18 protein spots from the 2D WB were selected for analysis by LC-MS/MS from the
MVL (7) and GII (11) treated animals (Figure 9). Four of these spots yielded the same protein.
The analysis of these spots revealed a total of 14 proteins. Four proteins, Dihydropyrimidinase
related protein 2 (DRP-2), Fructose bisphosphate aldolase C (ALDC), T-complex protein 1
subunit zeta (TCP-1-zeta,) and Pyruvate kinase isozymes M1/M2 (PKM2), were common to both
MVL- and Gll-treated animals, while the remaining 10 proteins were seen in either the MVL- or
Gll-treated animals (Table 3).
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The 4 autoantigens present in both the MVL- and Gll-treated samples were further characterized
to confirm their expression in the retina using immunohistochemistry and Western blot.

ii. Expression of the identified proteins (candidate autoantigens) in the retina
To confirm that the candidate autoantibodies identified in this study following laser injury were
developed against antigens expressed in the rabbit retina, we performed immunohistochemistry
and Western blot using normal DB retina probed with commercially available antibodies to the 4
autoantigens that were common between the MVL and GlI laser treated samples. We confirmed
that these 4 common (DRP-2, ALDC, PKM2 and TCP-1-zeta) candidate autoantigens were
expressed in the normal DB retina (Figure 10). The proteins were mainly cytoplasmic and were
expressed diffusely in all retinal layers. Except for DRP2, all antibodies were specific and did
not cross react with other proteins in the retina as shown in the Western blot (Figure 11).
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iii. Molecular function/biological process for the candidate autoantigens
The 14 candidate autoantigens identified in this study as potential biomarkers for laser induced
retinal injuries, were analyzed for their molecular function and biological process (Table 4) using
Pathway Studio 6.0. Eleven of these autoantigens appeared to have a protein binding function.
Four were involved in glycolysis. Two autoantigens had an anti apoptotic role while others were
involved in actin filament depolymerization, the glyceraldehydes-3-phosphate metabolic process,

neural fold formation, cell size or regulation of neurotransmitter levels with cofilin 1 being
involved in most of these processes.

Table 4: Molecular functions/biological processes of the autoantigens as analyzed by Pathway

Studio.

MOLECULAR FUNCTION/

BIOLOGICAL PROCESS

PROTEINS

Protein binding

ALDC, TCP-1-zeta, Cofilin-1, DRP-2. Elongation factor 1-alpha 1,
Alpha-enolase, PKM2, Transketolase, Tubulin beta-2 chain,
Ubiquilin, Transitional endoplasmic reticulum ATPase

Glycolysis

ALDC, PKM2, Alpha-enolase, Triosephosphate isomerase

Anti-apoptosis

Cofilin-1, Elongation factor 1-alpha 1

Positive regulation of actin
filament depolymerization

Cofilin-1

Glyceraldehyde-3-
phosphate metabolic
process

Triosephosphate isomerase

Neural fold formation

Cofilin-1

Negative regulation of cell
size

Cofilin-1

Regulation of
neurotransmitter levels

Glutamine synthetase

J) Suggested biomarker panels using the autoantibody approach

Using results from this study, we suggest a panel of 4 anti-retinal proteins that could be used as
candidate biomarkers for detection of laser induced retinal injury, these are: DRP2, ALDC, TCP-

1-zeta and PKM2.




k) Detection of biomarkers using spectral counting

Using the approach we used in a previous study [14], compared the protein profiles between
laser treated and non-laser treated samples. LC-MS/MS-based shotgun proteomics is a highly
sensitive technique for detection of alterations in the proteome of diseased tissue or body fluid.
Label-free quantitative proteomics is based on the assumption that increased abundance of
protein will cause a measurable increase in its number of tryptic peptides. The resultant
observable indices include chromatographic ion peak intensity, sequence coverage, peptide
number, and spectral count [41]. We used the spectral counting approach to label-free relative
quantification of proteins in serum of laser treated animals compared to non laser treated
animals. For this approach, we used samples that gave optimal biomarker response (serum-GllI-
24hrs- 50 lesion, serum-MVL-24hrs-different lesion number and serum-GlI-4hrs-50 lesions).
Comparison of the total number of MS/MS spectra detected for a given protein (spectral
counting) is a reliable and highly reproducible method for relative quantitation. It has been
shown that spectral count is the factor with strongest correlation (r>=0.9997) to protein
abundance [42]. We used the G statistic to assess significant differences and then applied a post-
hoc Holm-Sidak adjustment of the p-value to correct for multiple testing as described in the
methods section. The G-test was found to be the most appropriate method of statistical analysis
for our experiments [30, 43]. Additional layers of stringency were applied in order to increase
confidence in the final protein biomarker candidate list. For example, proteins must have
appeared in at least 50% of laser treated samples and have had a ratio of at least 2.0 where
upregulation occurred. In this way, the rate of false discovery was minimized and a list of
proteins that were both significantly present in each sample and significantly different between
treatment groups was compiled. Based on theses analyses, we were able to identify a total of 10
proteins that were 2 fold or more upregulated in the group treated with the GlII at 24hrs time
point (Figure 12), 3 in the group treated with MVL (Figure 13) and 11 in the group treated with
GlIl at 4hrs time point (Figure 14).
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Tables 5, 6 and 7 list all the differentially expressed proteins in the 3 different groups, their scan
count number in each of the laser treated and mock-control, the fold change, the normalized log
ratio and the P value. It is interesting to find that some proteins such as ALDC, Beta enolase, and
PKM2 were consistently upregulated and those proteins were also found to be autoantigens in
this study [13]. Thansthyretin (TTR), which is also expressed in the ocular tissues, was
upregulated in both groups treated with Gl laser. Clusterin was also upregulated in the group
treated with MVL. Clusterin (Clu) is shown to be upregulated in various pathological conditions
in retina suggesting that there might be a correlation between clusterin expression and cell death
in the retina [27, 44]. In the animals treated with MVL, most of the differentially expressed
proteins were down-regulated (Figure 13). These proteins could also be used as potential
biomarkers for laser induced retinal injury. Further studies are needed to confirm these results.



Tableb5: Ligt of the differentially expressed proteinsin the 24hr serum of Gl laser treated rabbitsusing 50 laser lesions.

PROTEIN ACCESSION DESCRIPTION MOCK LASER NORM LOG FOLD NORM
SC SC RATIO P -VALUE
A2MG_PONPY | Q5R4N8 ALPHA-2-MACROGLOBULIN PRECURSOR 17 36 1.253902 | 2.117647 | 0.002158
(ALPHA-2-M)
APOM_PONPY Q5R894 APOLIPOPROTEIN M (APO-M) (APOM) 2 9 2.341365 4.5 | 0.017073
CFAB_MOUSE P04186 COMPLEMENT FACTOR B PRECURSOR 11 24 1.296971 | 2.181818 | 0.010115
FACTOR B
CO4_RAT P08649 COMPLEMENT C4 PRECURSOR CHAIN 10 48 2.434474 4.8 | 1.71E-08
IGHG1_HUMAN | P01857 IG GAMMA-1 CHAIN C REGION 23 49 1.262588 | 2.130435 | 0.00032
KPYM_RABIT P11974 PYRUVATE KINASE ISOZYMES M1/M2 8 26 1.871879 3.25 | 0.000455
LARP1_HUMAN | Q6PKGO LA-RELATED PROTEIN 1 8 18 1.341365 2.25 | 0.022237
PLMN_BOVIN P06868 PLASMINOGEN PRECURSOR 22 106 2.439929 | 4.818182 | 4.81E-17
SODE_RABIT P41975 EXTRACELLULAR SUPEROXIDE DISMUTASE 10 20 1.17144 2 | 0.030301
TTHY_RABIT P07489 TRANSTHYRETIN (PREALBUMIN) 299 614 1.209533 | 2.053512 | 7.75E-35
SC: scan count, Norm: Normalized, GlI: Grade two, hr: hour




Table6. A list of the differentially expressed proteinsin the 24hr serum of MVL laser treated rabbitsusing 5, 10 and 50 laser lesions
ACCESSION DESCRIPTION

PROTEIN

MOCK

SC

LASER NORM LOG

SC

RATIO

FOLD

NORM
P -VALUE

AlAF RABIT P23035 Alpha-1-antiproteinase F precursor 193 495 -0.42378 2.564767 | 0.000715
APOA1l RABIT | P09809 Apolipoprotein A-I precursor (Apo-Al) 940 2298 | -0.49296 2.444681 | 7.73E-18
CLUS RABIT | Q9XSC5 Clusterin precursor (Apolipoprotein J) 4 60 2.124286 15 0.000382
(Apo-J)

CO4A_HUMAN | POCOL4 Complement C4-A precursor A 35 70 -0.7826 2 0.01137

GC _RABIT P01870 Ig gamma chain C region 636 1323 | -0.72589 2.080189 | 6.3E-24

HPT_RABIT P19007 Haptoglobin precursor 122 695 0.727528 5.696721 | 5.28E-08
HRG_RABIT Q28640 Histidine-rich glycoprotein precursor 184 798 0.334079 4.336957 | 0.003738
KV02_RABIT | P01683 Ig kappa chain V region 3315 63 143 -0.60001 2.269841 | 0.007569
KV05 RABIT P01686 Ig kappa chain V region BS-1 64 152 -0.53468 2.375 0.015489
KV15 RABIT | P01696 Ig kappa chain V region K29-213 63 141 -0.62033 2.238095 | 0.005899
PON1 RABIT | P27170 Serum paraoxonase/arylesterase 1 119 301 -0.4438 2.529412 | 0.005521

SC: Scan count, Norm: Normalized, MVL: minimally visible lesion.




Table7. A list of the differentially expressed proteinsin the 4hr serum of Gl laser treated rabbits using 50 laser lesions

PROTEIN ACCESSIO  DESCRIPTION MOC LASE < NORM FOLD NORM

P-VALUE

N K SC RSC LOG
RATIO

AlAF RABIT P23035 Alpha-1-antiproteinase F precursor 231 | 547 | 0.53681 | 2.36796 | 1.22E-06
7 5

ALDOA_RABI | P00883 Fructose-bisphosphate aldolase A 18 78 | 1.40864 | 4.33333 | 4.29E-05
T 7 3

CO4A_HUMA | pPocoL4 Complement C4-A precursor 25 75| 0.87813 3| 0.00581

N 2 3

CO8B_RABIT | P98137 Complement component C8 beta chain precursor 15 58 | 1.24426 | 3.86666 | 0.00131

7 9

CO8G_RABIT | Q28679 Complement component C8 gamma chain 11 40 | 1.15566 | 3.63636 | 0.01179

precursor 6 4 8

CO9 RABIT P48747 Complement component C9 precursor 27 70 | 0.66756 | 2.59259 | 0.03515

5 3 8

ENOB_RABIT | P25704 Beta-enolase 20 93 1.5104 4.65 | 2.58E-06

HEMO_RABIT | P20058 Hemopexin precursor 20 81| 1.31109 4.05| 7.8E-05

1

ITIH3 HUMA | Q06033 Inter-alpha-trypsin inhibitor heavy chain H3 16 46 | 0.81673 2.875 | 0.04214

N precursor 1 7

MUCM_RABI P04221 Ilg mu chain C region membrane-bound form 56 | 125| 0.45159 | 2.23214 | 0.04742

T 9 3 3

MUC_RABIT P03988 Ilg mu chain C region secreted form 56| 125| 0.45159 | 2.23214 | 0.04742




9 3 3
SHBG RABIT | P15196 Sex hormone-binding globulin precursor 10 41 | 1.32879 4.1 | 0.00452
3 1
TTHY_RABIT | P07489 Transthyretin (Prealbumin) 181 417 | 0.49722 | 2.30386 | 7.72E-05
7 7
UROM_BOVIN | P48733 Uromodulin precursor 7 46 | 2.00937 | 6.57142 | 5.88E-05
6 9
ZA2G_MOUSE | Q64726 Zinc-alpha-2-glycoprotein precursor 3 15| 1.61509 5| 0.04761
8 9

SC: Scan count, Norm: normalized, GlI: grade two.




| 5. Conclusions

Retinal injuries affecting the photoreceptors and/or the retinal pigment epithelium (RPE) result in

leakage of retinal proteins into the systemic circulation. These proteins could be detected by LC-
MS/MS. These proteins also initiate an immune response resulting in detectable autoantibodies
that could serve as additional molecular biomarkers for retinal injuries. The biomarker response
may vary with the degree of the laser injury and the amount of time from injury to detection.
The findings in this study lay the foundation for further research into biomarker response and the
development of diagnostics to detect injury in humans following laser exposure.
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E. Portable Biosensor for Protein Targets

| 1. Summary

The specific physiological response associated with exposures to directed energy and the
biomarkers of resultant tissue injuries are poorly characterized. We are lacking in our ability to
diagnose and quantify any subsequent degree of exposure-related damage. Cellular injury results
in release of tissue-specific proteins into the circulatory system triggering immunological
responses. It is possible to detect these biochemical signatures associated with the cellular
damage and determine the extent of inflicted injuries in exposed individuals. Our goal is to
develop a field-ready portable biosensor platform for detecting protein biomarkers appearing in
human bodily fluids (saliva, serum, etc.) which are the direct result of focused energy impact. A
recently developed method based on modifications to sandwich enzyme-linked immunosorbent
assay (ELISA) in conjunction with electro-chemical detection (ECD) possesses both the
sensitivity and specificity required to competently identify protein biomarkers in serum. Current
technology utilizes microarrays of 12,000 electrodes; each electrode can be used either
individually or in blocks as a substrate for customized multiplex ELISA. We optimized this
technology further by introducing both customized substrates to increase antibody
immobilization, and chemical signal amplification to boost the signal. The combination of these
improvements with modifications to the assay parameters aimed at reducing the background,
significantly increased the sensitivity of protein detection. The resulting device will have the
capability of detecting protein targets in a fully automated sample-to-answer field test, which can
be readily reconfigured to change target selection.

| 2. Introduction

The need for a portable diagnostic and monitoring device capable of rapidly detecting specific
proteins in bodily fluids, viruses, or microorganisms is varied and extensive. Many of these
proteins are not abundant and difficult to detect by conventional methods. Enzyme-linked
immunosorbent assay (ELISA) — a very sensitive, quantitative, and reproducible protein
detection technique — is widely used to detect proteins in biological and environmental samples.
Protein microarrays and antibody microarrays in particular have excellent potential to advance
development of portable protein detection instruments and also offer a capability of detecting
many protein targets in one assay. In the microarray-based sandwich immunoassay, antibodies,
immobilized on the surface of a microarray bind their corresponding antigens. Labeled or tagged
detection antibodies further recognize these antigens and are detected. The compact
electrochemical detection (ECD) system marketed by CustomArray is well adapted for protein
detection by ELISA-type immunoassays [1]. Rather than using fluorescent dyes and an optical
scanning system, ECD relies on horseradish peroxidase (HRP) and common redox substrates to
generate electrons that can be measured as a change in current or potential. Their core
technology is a specially modified semiconductor-containing arrays of microelectrodes (Figure
1) that are individually addressable using embedded logic circuitry on the chip. Since it is
possible to measure small currents precisely, the circuitry can be employed to sense peroxidase
activity at each electrode. Eliminating optics from the signal detection process will also reduce
the size and complexity of the hardware, making it possible to integrate microarray reader
components into larger systems for automated sample processing. CustomArray’s MX300
platform integrates lab-on-a-chip technology with protein microarray (Figure 2). The fully



integrated fluidic device automates the entire hybridization and post hybridization processes that
involve multi-stage fluidics handling.

Figurel. CORE TECHNOLOGY —CMOSMICROARRAY. Silicon microarray containing 12,544
platinum or gold coated electrodes and on-chip or off-chip counter electrode.

Figure 2. ElectraSense M X300 automated chip reading/washing station. Fully automated,
containsfour fluid control linesfor applying four samplesto the same chip. Serial address chip
interface for voltage/current readout.

Phage-display technology [2] provides a method to express a large library of recombinant
antibody fragments fused to the coat protein of bacteriophage in order to select for specific
binding to a chosen target [3] (Figure 3). Using successive rounds of increasing selection



pressures, one can isolate very strong binding antibodies for any protein sequence. Usage of
recombinant antibodies in this system is advantageous because 1) Genotype and phenotype are
linked providing the DNA sequence for the selected antibody, effectively immortalizing it. 2)
The procedure for selection of a specific antibody can be performed quickly in a few weeks. 3)
The sequence can be cloned and expressed in bacterial or yeast systems at unlimited quantities.
4) Modifications can be made to allow for site-specific attachment to surfaces, nanoparticles, or
other molecule conjugates. 5) Affinity maturation through random and directed mutation can
improve binding affinities to allow for more sensitive assays [4].
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Figure 3. M 13 Bacteriophage Displaying the scFv Antibody. The DNA phagemid is encapsulated inside the
phage particle. Thisencodes for the plll coat protein that isfused to the scFv antibody. Her e the phenotype
(scFv) and the genotype (ssDNA phagemid) arelinked.

The single-chain fragment (scFv) of variation is an engineered version of the antigen binding
region of an immune system immunoglobulin (IgG) (Figure 4). The scFv consists of a variable
light (V) chain and a variable heavy (V) chain where each contains 3 complementarity-
determining regions (CDRs), capable of specific recognition of a protein antigen. Although the
scFv is much smaller in size to the 1gG, 30kD to 150kD, low dissociation constant antibodies can
be generated [5].

CDRs
Variable Vi1
Region (Fy)
Constant
; C1
region
F
Region V1 15 AA Linker

Traditional IgG  Recombinant scFv
~150kD ~30kD

Figure 4. 1gG antibody compar ed to engineered fragments Fab and scFv. Thel50kDa I mmunoglobulin G (a)
consists of two heavy and two light chains. The 3-25 amino acid CDRs provide recognition to antigen.
Removal of the Constant regionsleavesthe variable regions but retainsthe CDRs. Engineering into a single
polypeptide of variable regionsis provided by a 15 AA linker, and is now a 25kDa scFv (b).

Since this project includes the discovery of unknown biomarkers for retinal injury, the
recombinant antibodies can be quickly and cheaply generated [6] against any biomarker or



biomarker fragment indicative of laser exposure. Traditional monoclonal antibody generation
using hybridoma technology is expensive and time consuming. Many commercially available
antibodies have been reported to work poorly or not at all. The ability to generate, engineer, and
evaluate our own antibodies provides more opportunity for success of the biosensor aspect of this
project.

| 3. Methods, Assumptions and Procedur es

The project has three specific aims:

1. Generate a panel of custom antibodies to protein targets by using phage library display
2. Develop the assay for detecting protein biomarkers based on multiplex sandwich ELISA
3. Integrate the assay into the electrochemical detection platform

a) Biomarker Target Preparation

The peptides discovered by the Deepak Edward group using LC/MS/MS were chemically
synthesized by the UIC Protein core facility. To allow for immobilization during antibody
selection, the peptides included a biotinylation on the N-terminus, followed by a 4 residue G-S-
G-S linker, and a C-terminal Amidation. The peptides were chosen since these portions of the
protein were positively identified in the serum of the exposed rabbits. We could not assume that
the remaining portions were present or intact.

b) Phage-display Selection
Wells of a Nunc Maxisorp 96-well plate (Nunc) were coated with 50ul of 10ug/ml Neutravidin
in PBS and incubated at 4°C overnight. The plate was blocked with 1%Casein for 1 hr and then
washed with 3xPBST. The scFv phage-display library (1x10° sequence diversity) (courtesy of
Mark Sullivan, University of Rochester) was added in 50ul volumes to 4x blocked wells and
incubated for 1 hr to deselect casein and Neutravidin binders. The unbound phage were
transferred to wells containing 10ug/ml biotinylated-peptide and incubated for 2 hrs at room
temperature with shaking. The wells were washed 5x with PBST. The phage were acid eluted
using 50ul of 100 mM Glycine-HCI, pH 2.0 for 10 min. The eluted phage were neutralized with
3ul of 2 M Tris, pH 10. This was used to infect 750ul of TG-1 E. coli growing to ODggo =0.4, and
incubated at 37°C without shaking for 1hr. The cells were spread on a LB agar plate containing
50ug/ml Carbenicillin (Cb) and incubated overnight at 30°C.

The following day, the lawn of growth was scraped into 15ml of Lb/cb. To 40ml of Lb/cb was
added 100ul of the scraped cells, and then grown to mid-log at 37C. 1ml was infected with K07
helper phage for lhour at 37°C with 150rpm shaking. This was added to 30ml of
LB/Ch/Kanamycin (Kan, 50ug/ml) and grown overnight at 30°C to allow for phage production.

To precipitate the phage for the second round of selection, the overnight culture was spun down
and the ~30ml supernatant mixed with 6ml 3 M NaCl, 24% PEGggoo, and incubated on ice for 1
hour. This was spun at high speed ~12,000 rpm for 15 minutes. The precipitate phage was
suspended in 1ml of 0.5% casein in PBS. This was used for round 2 of selection.



Round 2 and round 3 were performed the same as round 1, except that the target was now
reduced to 1ug/ml and the washes were increased to 7x PBST with harsh up and down pipetting
in between.

After the final round of infecting and plating clones, 94 colonies were used to inoculate 100ul of
Lb/Cb and grown to ODgyp =0.4. To these cultures were added 200ul of KO7 helper phage in
Lb/Cb and allowed infection for 1 hr at 37°C, no shaking. Plates were spun down, supernatant
discarded, and 400ul of LB/Cb/Kan added for overnight phage expression at 30°C with 250rpm
shaking.

c) PhageELISA

Two Nunc 96-well plates were coated overnight with 10ug/ml Neutravidin in PBS. The wells
were blocked with 1% casein in PBS. To one plate was added the target biotinylated peptide at
10ug/ml and incubated for 1hour. After washes in PBS and PBST, 50ul of supernatant from each
well of the overnight culture of expressed phage was added to the corresponding well of the
coated target or background plate, and incubated for 1 hour. Washes of PBST and PBS followed.
Addition of 50ul of anti-M13-HRP diluted to 1:5,000 in PBS to all wells in the Nunc plate, was
used to detect the bound phage particles. Following washes of PBST and PBS, 50ul of 2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) (Pierce) in 50mM Sodium Citrate pH
4 with 0.03% H,0, was added, and color change recorded at absorbance wavelength 405nm
using a BMG FluoStar OPTIMA spectrophotometer. Specific binders were identified by
comparing absorbances of background and target plates.

d) Cloning and bacterial expression

The positive clones were grown up further and the plasmid DNA was prepared using a MiniPrep
DNA purification column (Wizard MiniPrep, Promega). The scFv regions were sequenced.
Unique clones were then sub-cloned into a low phosphate promoter, PhoA expression plasmid,
pKP300DIIIDAP, with a N-terminal FLAG tag and C-terminal 6xHis tag. Expression is
performed in low phosphate modified C.R.A.P. media overnight at 30°C. The cells are spun
down and resuspended in lysis solution of 1x Bugbuster in PBS (Novagen) and Benzonase
Nuclease HC (Novagen) for 20 mins. After pelleting cell debris, the scFv is purified from the
supernatant through the poly-His tag using His-Mag Agarose Magnetic beads (Novagen) and a
Kingfisher mL robotic purification system (ThermoScientific). Antibodies are eluted into 500
mM Imidazole, 500 mM NacCl, and 20 uM Tris-HCI, and stored at 4°C or at -20°C in 15%
Glycerol.

e) Fluorescence Polarization

The biomarker peptides were re-synthesized to now include a Fluorescein Isothiocyanate (FITC)
fluorophore on the N-terminus in place of the biotin. Fluorescence polarization measurements
were performed in the antibody elution buffer (500 mM Imidazole, 500 mM NacCl, and 20 uM
Tris-HCI) with 15nM FITC-peptide and a total volume of 25ul using half area 96-well plates
(Costar). The scFv antibodies were expressed without the Alkaline Phosphotase fusion. A range
of concentrations were used to find the upper and lower boundaries of the curve. Once an
approximate ECsywas obtained, concentrations at least 10 times above and 10 times below this
curve inflexion point were used to determine the binding constant. The data was recorded at an
excitation wavelength of 485nm and an emission at 520nm using a BMG POLARStar Optima
96-well plate reader with a fluorescence polarization optic module.



f) Photonic Crystal Biosensing

To determine binding constants in a non-flow immobilized system, the SRU Biosystems
Explorer was used. The binding on the plate surface was recorded in real-time for each of the
following steps. A 96-well Streptavidin coated plate (SA1-96-M) was blocked with 5% BSA for
1 hour. The wells were washed with PBS. To these wells was added 50 ul of 10 ug/ml target
peptide was added to 24 wells and the same was done for the negative peptide. The plate was
incubated for 1 hour. The plate was washed and stabilized in elution buffer. Decreasing
concentrations of antibody were added in triplicate to the target and control wells, and the
binding response recorded. After overnight incubation at 4C, the plate was read again and the
end-point values used in the curve calculations. A dose response curve was drawn using the SRU
biosystems software where the ECsy is the dissociation constant.

g) ELISA using soluble scFv

Plates were coated with 50ul of 10ug/ml Neutravidin or BSA, overnight at 4°C. The plates were
washed in PBST (0.1% Tween20) and 50ul 10ug/ml biotinylated peptide was added and
incubated for 1 hour. After washing, 200ul of 5% Non-Fat Dried Milk in PBST was added to
block the wells for 1 hour. This was followed by washing in PBST and then addition of 50ul of
the purified scFv antibody in PBS for 1 hour with shaking. Wells were washed with PBST and
50ul of ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) in 50mM Sodium Citrate
pH 4, 0.03% Hydrogen Peroxide, was added to all wells. The color change was recorded at
405nm.

h) Western of Retinal Lysates

Retinal lysates from rabbit and mouse were obtained from Deepak Edward group and chicken
eyes were obtained from a local butcher. Retinas were homogenized in 10 mM Tris-HCI, pH 7.4,
1 mM EDTA, and 200 mM Sucrose. Lysate was spun down and 5ul of the supernatant used for
SDS-PAGE and western blotting. Gel electrophoresis was performed in Tris-Glycine-SDS buffer
on a 12% precast Mini-Protean TGX polyacrylamide gel (Bio-Rad), at 12 mA for 1.5 hours. The
protein was then transferred to PVDF membrane (Millipore) overnight at 25V in Tris-Glycine-
SDS buffer with 20% Methanol. The membrane was blocked with 5% Non-Fat Dried Milk in
PBST for 1 hour. One PBST and PBS wash was done for 5 minutes each. The anti-GBB5-H9
scFv was added at a concentration of 1 ug/ml in PBS and incubated with shaking for 2 hours.
Blot was washed once with PBST and PBS for 5 minutes each. The secondary antibody anti-
FLAG-HRP was added to the blot containing the scFv antibody and also to a negative control
blot without the primary antibody, and incubated for 1 hour while shaking. The blots were
washed once with PBST and PBS for 5 minutes each. Detection was performed using ECL Plus
reagent (GE) and imaged using a Storm 860 Phosphorimager (Molecular Dynamics).

i) Electrochemical Detection Based sandwich ELISA (ECD)
The ECD-based sandwich ELISA is performed in three steps:

i. _Deposition
Antibodies are deposited on the surface of each electrode by binding to polypyrrole deposits.

Polymerization of pyrrole is triggered by applying voltage to each electrode and antibodies are
incubated with the newly formed polypyrrole (Figure 5). Capture antibodies for multiplex
detection are deposited by sequential rounds of pyrrole polymerization, incubation with the



newly formed polypyrrole deposits and blocking unoccupied binding sites with casein.
Polypyrrole is electro conductive and does not interfere with signal detection.
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Figure5. Polymerization of pyrrole. Pyrrole polymerization on electrodes was evaluated by increasing voltage
and polymerization time.

ii. _Detection
Capture antibodies deposited to polypyrrole are incubated with the antigen. Antigen can be
detected by binding to labeled secondary antibody followed by electrochemical detection (Figure

6).

HRP tag

(allows ECD detectiop \

Detection antibody
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-
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Figure 6. ELISA on protein microarrays

iii. _Signal Amplification
Streptavidin-HRP binds biotin moieties of detection antibodies. HRP reacts with biotinylated
tyramide resulting in deposition of multiple copies of biotin in the vicinity of the reaction site.
More streptavidin-HRP binds to newly deposited biotin during the second incubation step.
Amplified HRP activity is detected by ECD (Figure 7).
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Figure7. Tyramide signal amplification steps

iv. _in Electrochemical Detection (ECD)
The CombiMatrix (now CustomArray) MX300 automated instrument was used to deposit
polypyrrole onto blocks of 5x25 platinum electrodes across separate quadrants on a 12K chip
containing over 12,000 electrodes. 20 ug of antibody-alkaline Phosphatase (AP) fusion protein
was adsorbed to the polypyrrole, and then washed with PBST. This process of deposition and
adsorption was repeated for each of the anti-biomarker antibodies (anti-CNGAS3-AD5, anti-
CACNALF-Pepl, anti-GBB5-A1, and casein as a negative control). The chip was spin coated
and dried with casein in PBS. CNGA3-peptide was run in different concentrations over each
gasket separated quadrant of the chip to allow binding. A 1:1000 dilution of poly-80-
Streptavidin-HRP was added to the chip and allowed to bind the biotin on the peptide. After
washing, an electrochemical current was generated with addition of the substrate 3,3',5,5'-
Tetramethylbenzidine (TMB) in PBS. The current generated for each electrode was recorded in
picoAmperes.

v. _of Peptide-MBP fusion control

For a western blot positive control, an in-frame fusion of the biomarker peptide was made with a
maltose binding protein (MBP) (Figure 8). This was constructed by designing forward PCR
primers that 1) encode the respective peptide and 2) contain a complementary region that allows
hybridization to the beginning sequence of the MBP. Performing PCR of the pAT224-MBP
plasmid generates the newly formed peptide-MBP sequence that is cloned through Ncol and
Hindlll (New England Biolabs) restriction digest, and subsequent ligation back into the pAT224
with the original MBP removed. The ligation products were transformed into XL-1Blue




electrocompetent E. coli. Confirmed recombinants were grown in 25ml LB/Cb + 1% Glucose in
250ml flasks, o/n at 37°C. From the overnight culture, ~10ml was used to inoculate to ODggo
=0.12 in 250ml LB+cb+1%Glucose in 2L Flask. This was grown to ODgg 0.7, at 37°C where
500uM IPTG was used to induce expression. Expression was done for 6 hours at 37°C. The
culture was then pelleted and frozen at -80C overnight. The pellet was then resuspended in PBS
and sonicated at 51% amplitude for 5 minutes. After clearing the lysate, 0.5ml of Ni-NTA
agarose slurry (Qiagen) was batch incubated for 5 hours at 4°C. This was then column purified
with elution into 500mM Imidazole, 20mM Tris-HCI, 500mM NacCl.

GBB5-MBP: 46kDa

KLHDVELHQVAERV- MBP~44kDa
2kDa

Figure 8. The GBB5-Peptide-M BP Fusion blotting control. An expression construct was made wherethe
sequence for the biomarker peptides was cloned upstream of the sequence for Maltose Binding Protein. Upon
protein expression, the peptideisfused to the N-ter minus of the MBP. Since the M BP ismuch larger, the
fusion protein can beresolved in a gel during electrophoresis and subsequently detected by the antibody in
Western blot.

vi. _Conversion
A construct containing the Fc portion of a rat Immunoglobulin was obtained from John
McCafferty (University of Cambridge, U.K). The C-terminus has a His-Tag and a Tri-FLAG tag
that allows three anti-FLAG secondary antibodies to bind. The scFvs were cloned upstream and
in-frame with the Fc sequence. The plasmid was then transiently transfected into Human
Embryonic Kidney Cells (HEK-293F) growing in a 40 ml suspension culture. Expression was
allowed for 7 days at 37°C, 8% CO, while shaking. On the eighth day, the cells were spun out
and to the supernatant was added 0.5ml of Ni-NTA agarose and batch incubated overnight at 4°C
while tumbling. The scFv was then purified in a column and eluted in 400mM Imidazole,
200mM NaCl in PBS.

vii. _Plasmon Resonance (SPR)
SPR measurements were performed using a Biacore T100 instrument (GE). 10ug/ml of the
GBBS peptide in PBS was immobilized to saturation on a flow cell of a Streptavidin SA sensor
chip. Increasing concentrations of scFv or scFv-Fc were flowed over the surface at a rate of 10
ul/min in the elution buffer of 500mM Imidazole, 20mM Tris-HCI, 500mM NaCl. The binding
response was recorded simultaneously with the control flow cell with immobilized RGS9
peptide. The control was subtracted from the experimental to give the mass accumulation on the
surface of the chip. Real-time binding data was compiled by the evaluation software.




| 4. Resultsand Discussions |

a) Phage-display selection
The screen of the phage-display scFv library against the various biomarkers resulted in at least
one specific antibody (Table 1) per peptide. The shorter peptides yielded fewer antibodies
possibly due the limited space for interaction with the peptide. The antibodies were all
successfully cloned into bacterial vectors and expressed and purified. To test for specificity, an
ELISA was performed using the bacterially expressed scFvs antibodies. Figure 9 shows that the
scFvs recognize only the peptide they were selected to bind to and not unrelated full proteins or
peptide antigens.

Table 1: Phage-display results

Biomarker Target ‘ Peptide Synthesized with linker Organism Match  # of AAs ‘ # of Ab Clones
CACNA1LF Peptide 1: Biotin-GSGS-IRWFSHSTR Human, Rat 9 14
Voltage Dependent Mouse

Calcium Channel

CACNALF Peptide 2: Biotin-GSGS-KPSFTIQCLQR Human, Rat 11 14
Voltage Dependent Mouse

Calcium Channel

CACNALF Peptide 3: Biotin-GSGS-TEGNLEQANQELRIVIK Human 17 4

Voltage Dependent
Calcium Channel

CNGAS3: Cyclic nucleotide Biotin-GSGS- Mouse 21 8
gated channel RLTRLESQMNRRCCGFSPDRE

: Guanine Biotin-GSGS-KLHDVELHQVAERV Human, Rat, 14 6
nucleotide-binding Mouse
protein

: Regulator of G- Biotin-GSGS-KLVEVPTKMRV Rat, 11 3
protein Human/Mouse:

KLVEIPTKMRV
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Figure 9. ELISA using purified anti-biomarker scFv. Immobilization of peptide on a plate surface and
detection by the scFv shows specificity and sensitivity of the antibodies.

b) Fluorescence Polarization
To determine which clones bound the tightest, a more sensitive assay was needed. Fluorescence
Polarization (FP) was used to determine the affinities of the antibodies by adding decreasing
concentrations of scFv into wells with a fixed concentration of FITC-labeled peptide and
recording the change in the polarization (fluorescence anisotropy) upon binding. A typical
example of FP data appears in Figure 10, showing an increase in polarization with increasing
concentration of scFv.
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Figure 10. Fluor escence Polarization Result using the anti-GBB5-H9. The blue curve shows the concentration
dependent increase in polarization units of the anti-GBB5-H9 for the GBB5 peptide. Thered curveisthe
negative control, unrelated peptide showing no change in polarization and presumably no cross reactivity.

The inflexion point or ECs of the curve gives the approximate binding constant. This was
performed for many of the scFv antibodies, however, some express so poorly that not enough
material was ever obtained to generate binding curves (Table 2). The majority of the antibodies
had binding constants in the low micromolar range, which allows for binding and signal in the
sensitive ELISA. A lower binding constant is desirable. One antibody, the anti-GBB5-H9, bound
10x stronger with a binding constant in the high nanomolar. This antibody was originally
overlooked since the expression level is 10 times lower than the other antibodies and therefore
gave a weaker signal as compared to the others.

Table 2: Antibody Binding

Antibody Kq
a-CACNA1F-Pepl 2-5uM
a-GBB5-Al 3-4uM
a-GBB5-H9 250nM-500nM
a-CNGA3-A5 2-4uM
a-CNGA3-C1 4-7uM
a-RGS9-H1 1-2uM

c) Photonic Crystal Biosensor
To confirm the binding affinities obtained by the FP, a second technique using a photonic crystal
biosensor was used. This provides approximate binding constants in a format where the target
peptide is immobilized on a streptavidin coated titanium dioxide surface. As antibody binds to




the surface, there is a change in the peak wavelength (PWV) of light reflected from a LED
source beneath the plate. The shift in PWV is proportional to the amount of protein binding on
the surface. Off rates cannot be determined but end-point binding values from different
concentrations of antibody can be used to construct a dose response curve where the ECs is
determined to be the binding constant. As seen in table 3, many of the affinities agree with the
FP measurements where again the anti-GBB5-H9 scFv antibody has a 10 fold stronger binding
than the others. This also shows the ability of the photonic crystal biosensor to potentially detect
the full biomarker in a diagnostic assay.

Table 3;: BIND Reader results

Anti-GBB5-H9 306nM
Anti-GBB5-Al 4-6uM
Anti-RGS9-A5 2-3uM
Anti-RGS9-A6 3-8uM
Anti-RGS9-H1 2-3uM
Anti-CNGA3-A6 2-8uM
Anti-CNGA3-D8 13.6uM
Anti-CNGA3-C9 2-3uM

d) Western Blotting
Up until now, all the experiments have been done on the synthesized peptide. To test the
antibody’s ability to recognize the endogenous full protein from an animal, western blotting was
performed on retinal and whole eye lysates of rabbit, mouse, and chicken. Positive results were
seen only when the tight binding anti-GBB5-H9 antibody was used (Figure 11). The blot shows
recognition of a protein at around the expected size of the full length GBB5 protein
(MW~40kDa) for each of the three animals, while the negative control (secondary antibody
only) shows the non-specific binding of the anti-FLAG-HRP secondary antibody. The bands
detected below 30kDa in the mouse lysate can be attributed to degradation of the GBB5 protein
to a smaller size, and a large amount of additional unrelated protein. The antibody was also
observed to recognize the recombinantly expressed and purified human version of the GBB5
(GNB5) in Western blot.
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Figure 11. Western blot of retinal lysates using anti-GBB5-H9 scFv. The GBB5 endogenous protein is
detected in rabbit, chicken, and mouse lysates at the expected sizes of around 40kDa. Theright side showsthe
negative control of secondary antibody only

*the chicken and mouse expected sizes are predicted from cDNA.

e) Electrochemical Detection (ECD)

The CombiMatrix 12K electrode microchip was chosen as an assay platform because of its small
size, electrical output, and potential for a multiplexed array of antibodies to accommodate a
biomarker panel. Each chip has 12,000 individually addressed electrodes that theoretically can
detect an electrical signal from 12,000 deposited antibodies. However, since there is variation
across electrodes and each antibody must be deposited in serial, only 4 antibodies can be
practically used per chip to assay 4 biomarkers at this time.

f) Formatting ECD platform for multiplex ELISA

We optimized each step of deposition/detection protocol by using cytokines as target molecules.
For most cytokines the lower limit of detection was around 100pg/ml, which is similar to
conventional microwell plate-based ELISA (Figure 12). The capability of detecting a number of
proteins in the same assay was demonstrated for three cytokines (Figure 13). Each cytokine was
detected either individually or in the mixture. By using the tyramide signal amplification
protocol, significant amplification of ECD signal from TNF-a target protein was observed. No
increase in the background was detected (Figure 14).
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Figure 12. Lower limit of detection of 1L-6 cytokine. Anti-1L-6 capture antibodies were deposited in the fir st
tworowsin each quadrant. Thethird and the forth rowswere blank controls. Each quadrant wasincubated
with IL-6 at indicated concentrations. No target was applied to the fourth quadrant.
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Figure 13. Detection of IL-6, IL-10, and IL-1§ by protein microarrays. Anti-IL-6, anti-IL-10, and anti-IL-1§

antibodies were deposited in rows 1, 2, and 3 in each quadrant. Row 4 was a blank control. Each quadrant
wasincubated either with individual target or with the mixture of all three tar gets, asindicated.
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Figure 14. Signal amplification by tyramide in TNF-a detection assay. Anti-TNF-a antibody was deposited in
all rows of each quadrant. Quadrants 3 and 4 wereincubated with the target. No tar get was applied to
quadrants 1 and 2. Tyramide was added to quadrants2 and 3.



To deposit the anti-biomarker scFv antibodies to the surface of the poly-pyrrole coated platinum
electrodes, the scFv antibodies were expressed with a C-terminal Alkaline Phosphotase (AP)
fusion enzyme to allow adsorption at a region of the antibody that is not required for antigen
binding. The AP protein adds around 40kD, to give a total size of about 70kD. Since the
adsorption of the antibody to the polypyrrole is non-directional, there is a possibility that the
antigen binding epitopes will be hidden if they adsorb “face down”. There is a good chance this
will occur if only the scFv is used. The AP addition provides an increased surface area for
adsorption as to allow the antigen binding epitopes of the scFv to be oriented in a way where
binding can occur. To test this approach, the anti-CNGA3-A5 scFv was chosen. Three different
antibodies were deposited in separate rows of 5x 25 electrode blocks in four quadrants of the
chip. There were four rows in each quadrant with one of the following: an anti-CNGA3-A5, an
anti-CACNALF-Pepl, an anti-GBB5-ALl, or casein to serve as a negative control. The other two
antibodies were deposited to test for cross-reactivity. The orientation upon adsorption was
favorable enough to get a concentration dependent electrical signal when differing
concentrations of the CNGAS3 peptide was incubated on each quadrant of the chip (Figure 15).
The peptide could be detected down to 100 ng/ml with little to no cross reactivity from the other

adsorbed scFvs.
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Figure 15. Electrochemical Detection using the anti-CNGA3-scFv. Detection is concentration dependent and
does not crossreact with unrelated peptides. The anti-CNGAS3 antibody gives an electrical signal over
background down to 0.1ug/ml of peptide.



Direct deposition of recombinant antibodies resulted in low signal, possibly due to lower affinity
of single-chain antibodies compared to fully assembled endogenous antibody molecules. To
lower detection limits further and provide multiplexed detection, a more consistent and directed
method for orientation specific attachment was needed. The FLAG tag of the scFv antibody was
utilized for this purpose.

To increase deposition of single-chain molecules we introduced a two-step deposition protocol,
in which the mouse anti-FLAG antibody is deposited to polypyrrole and then incubated with the
FLAG-tagged antibodies thereby depositing similar amounts of capture molecules regardless of
their sequence. By using these modifications we demonstrated recognition of both GBB5 and
CNGAB3 targets by the corresponding single chain molecule. We also confirmed that by
converting the scFv to an scFv-Fc molecule, binding of target to the GBB5 scFv antibody was
increased (Figure 16).

CNGA-scFv

GBB5-scFv GBB5-scFv-Fc

blank
!. o

Figure 16. Detection of CNGA and GBB5 by protein microarrays. Anti-Flag antibody was deposited in all
guadrants. Quadrantswereincubated with the recombinant antibodies asindicated, followed by incubation
with corresponding biotynlated tar get.

g) Conversion to scFv-Fc Scaffold

The conversion of the monovalent scFv into a divalent scFv-Fc was done to increase the binding
affinity of the antibody through avidity (Figure 17). Since antibody binding is in equilibrium of
being bound and unbound, having two epitopes that bind simultaneously to two antigens,
decreases the off rate and allows the antibody to be present for longer. This is in fact what was
seen on western blot in comparison of the anti-GBB5-H9 scFv and the anti-GBB5-H9-scFv-Fc.
As seen in Figure 18, the scFv version can detect the GBB5 peptide-MBP fusion to a lower limit
of 0.25ug total protein or 25ng/ml sample concentration, while the Fc version can detect a lower
limit of 0.01ug or 1ng/ml sample concentration. This is a 25-fold improvement over the scFv
version.
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Figure 17. Conversion of the monovalent scFv to the divalent scFv-Fc. The scFv-Fc is expressed astwo
polypeptidesin HEK-293 cells and comes together through a disulfide bond. The two binding domains
provide stronger binding to the target through avidity.
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Figure 18. Western blot of GBB5-peptide-M BP using scFv-Fc. When the scFv is converted to the scFv-Fc
divalent version, the lower detection limit decreases 25x to 0.01ug or a sample concentration of 1ng/ml.

viii. Plasmon Resonance
SPR is considered of the most accurate methods to determine dissociation constants of

antibodies. When testing our antibodies on the instrument, the dissociation constants were about
100 fold higher than was found in FP. This may be due to the nature of the assay where the
peptide is immobilized to a streptavidin coated gold surface and the antibody flowed over, while




in FP the peptide is free to bind the antibody in solution. The anti-GBB5-H9 scFv gave a
dissociation constant of ~50uM while the scFv-Fc version gave ~0.5uM. The off rate of the
scFv-Fc version can be seen to increase dramatically with antibody binding persisting at nearly
an hour, compared to the scFv that comes off the target in seconds with a continuous flow of
buffer (Figure 19). The overall affinities are not as good as expected, however the 10-100 fold
improvement with the scaffold change shows the potential for significantly increasing affinities
of any of the anti-biomarker scFvs.

scFv Version
At serworgram Fc Version

Adparted senasr tam

Kd: ~50uM Kd: ~0.5uM

Figure 19. Surface Plasmon Resonance of scFv-Fc. The conversion to the scFc-Fc scaffold gives a 100 fold
increase in binding affinity; however the overall dissociation constant is high. The black arrow showsthe
start of the antibody flow over the surface of theimmabilized peptides. Theincreasein the y-axis showsreal-
time binding of antibody. The x-axisistimein seconds. The green arrow showswhen only buffer beginsto
flow over the surface. The blue arrow shows the off rate of the antibody washing off of the peptide

| 5. Conclusions

Antibodies against the 4 most promising biomarkers (6 peptides) of laser eye injury were
generated using a phage-display library of scFvs. They all are specific for the peptide they were
selected to bind to and show no cross reactivity. Binding strengths were determined by three
methods. Fluorescence Polarization gave dissociation constant ranges from 1-10uM for most of
the antibodies, except the anti-GBB5-H9 which gave 10 fold less at 250-500nM. The photonic
crystal biosensor assay gave similar values and confirmed the FP data. The SPR however yielded
values that corresponded to 100x weaker binding antibodies. This difference could be due to the
buffer flow system of the instrument as opposed to the in-solution or endpoint binding of the FP
and photonic crystal biosensor, respectively. The anti-GBB5-H9 scFv was shown to recognize
the endogenous GBB5 protein from mouse, chicken, and rabbit retinal lysates as well as the
purified human form of the protein (data not shown). Conversion of this antibody to the scFv-Fc
scaffold gave 10-100 fold improvement in binding affinity due to avidity of the divalent
molecule. This also increased the sensitivity of the Western blot by lowering the detection limit
25x to 1ng/ml. Finally, an electrochemical detection protocol for multiplex sandwich was
developed, the panel of custom antibodies was integrated into the assay, and the assay was
formatted for detecting two biomarkers of laser eye injury.
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F. Molecular Beacon Detection Scheme for Occupational Health and Safety
Sensor

| 1. Summary

This aspect of the project explores the application of molecular beacons to sense threats to
occupational health and safety. The first phase of this project was dedicated to a detailed study
on the current uses of molecular beacons to identify and quantify targets associated with
occupational health and safety. The outcome was a catal og and database di splaying the current
utilization of molecular beacons to track absorption and distribution in the body. The focus was
the detection of heavy metal ions due to their extreme toxicity and the challenge they present as
sub-nanoscale particles. The use of DNA aptamers as molecular recognition elementsin
biosensors for heavy metal ions makes a suitable platform for single molecule detection. The
transduction mechanism used in the sensorsis an energy transfer process between semiconductor
guantum dots, which fluoresce when excited by light and acceptor molecules that can absorb the
light emitted by the quantum dots. This phenomenon is distance dependent and can be coupled
with the conformation change the DNA makes when it interacts with its target and thereby
causes a decrease or increase in fluorescence. This change in fluorescence can be seen with the
naked eye or detected using a spectrometer. Two different DNA sequences that interact with
specific targets, known as aptamers were used to detect mercury, lead, zinc and cadmium. These
probes were tested in aliquid assay as well as on afilter paper coupon, which the assay was
applied to and allowed to dry. The use of Raman spectroscopy was aso investigated in the
detection of zinc ions using a zinc aptamer.

| 2. Introduction

The literature survey conducted on chemicals associated with occupational health and safety
focused on the toxicity of heavy metals and how they are absorbed in the body. Thisinformation
assisted in the devel opment of heavy metal detection assays. Toxicity from the heavy metal ions
lead (Pb), mercury (Hg), and cadmium (Cd) can all result in renal dysfunction [1]. Whilezincis
an ion required for normal physiological function, it can also result in toxicity upon excessive
supplementation [2]. Toxicity from the heavy metal lead (Pb) can adversely affect several organs
and body systems and potentially cause cardiovascular disease, hypertension, rena dysfunction,
Autism and Parkinson’ s disease. Determination of lead exposure can be done through
measurement of blood, urine and bone Pb levels. These species are biomarkers for lead
poisoning. Blood-Pb is an indicator for recent or acute exposure and urine-Pb levels provide
information on the body burden over alonger period of exposure. The bone-Pb level tells what
the body burden dose was from Pb over the lifetime of exposure. An independent study shows
high risk of cardiovascular disease for individuals with Blood lead level (BLL) <5 pg/dL. 15%
of Pb exposed workers had BLL more than OSHA permissible limits. In another independent
study of lead mobilization test on children, multiple positive correlations were found between the
severity of autism and the urinary excretion of toxic metals. WHO and OSHA safety level for Pb
are 1.45 uM (30 pg/dL) and 1.93 uM (40 pg/dL) respectively [3]. Above these safety levels
concentration of lead in the body can be toxic.

Concentrated mercury aso poses serious problems to human health, as bioaccumul ation of
mercury within the brain and kidneys ultimately leads to neurological diseases. To control
mercury pollution and reduce mercury damage to human health, sensitive determination of



mercury isimportant [4]. The concentration of mercury in drinking-water sourcesis usually less
than 0.5 ug/liter, but sometimes groundwater can have higher concentrations. Many studies
involving the observation of more than 1000 individuals indicate that the classical signs and
symptoms of elemental mercury vapor poisoning (objective tremors, mental disturbances and
gingivitis) may be expected to appear after chronic exposure to air mercury concentrations above
0.1 mg/m?® (IPCS, 1991) [5]. Ingestion of 500 mg of mercury (I1) chloride causes severe
poisoning and sometimes death in humans. Acute effects result from the inhalation of air
containing mercury vapor at concentrationsin the range of 0.05-0.35 mg/m°. Exposure for a few
hours to 1-3 mg/m® may give rise to pulmonary irritation and destruction of lung tissue and
occasionally to central nervous system disorders [5]. Among the high consumers of fish, the
median concentrations of mercury were 8.6 pg/L in blood, 2.4 pg/g in hair, 10 pg/L in end-
exhaled air, and 1.1 pg/g creatine in urine. The relationship between freshwater fish consumption
and mercury was significant in all biologica media. The high-consumption group had much
higher mercury levelsin blood (9-fold), hair (7-fold), alveolar air (3-fold), and urine (15-fold)
than the low-consumption group [6 blood, urine, and alveolar air].

Cadmium is a contemporary metal with many industrial uses, and cadmium emissions to the
atmospheric, aquatic, and terrestrial environment have increased over the years [7]. The kidneys
are usually the most critically affected organs in occupational exposure to Cd; known to
adversely interfere with the renal handling of plasma derived proteins. Tubular proteinuria
should aso be considered as an adverse effect attributed to Cd exposure, because it can lead to
irreversible renal damage associated with an exacerbation of the age-related declinein
glomerular filtration rate and a decrease in the filtration reserve capacity. The biological
exposure thresholds for controlling health significant nephrotoxic effects in adults occupationally
exposed to Pb and/or Cd are 700 ug Pb/L in blood and 5 pg Cd/L in blood [8]. The table below
summarizes the toxic effects of the metal's discussed.



Table 1. Summary of Heavy M etal Characteristics
Toxicity Levels

Heavy
Metal

Sour ces of
Exposure

Toxicity Effects

Lead (Pb) | Occupational, WHO: <1.45 uM (30 ug/dL) Cardiovascular disease,

drinking water hypertension, renal
OSHA: <1.93 uM (40 ug/dL) dysfunction, Autism,
Parkinson’s disease

Mercury Fish, drinking OSHA: <0.1 mg/m® (time Cardiovascular disease,

(Ho) water, dental weighted avg.) rena dysfunction, Autism
amalgams o

EPA: max. contamination level for
drinking water is 2ug/L (10 nM)

Zinc (Zn) Supplementation | 100-300 mg Zn/d associated with | Copper deficiency,
(RDA is15 toxicity neutrapenia, anemia,
mg/day) adverse effect on ratio of

LDL/HDL cholesterol

Cadmium | Occupational, OSHA: 5 mg/m® Renal dysfunction,

(Cd) _ o proteinuria,

Cigarette ACGIH: Thgeshold Limit \3/a| UES | hepatotoxicity
smoke; are 10 pg/m° total, 2 pg/m
food/drink inhal able fraction

| 3. Methods, Assumptions and Procedures

The use of molecular beacons and DNA aptamers in the fabrication of biosensors for the
detection of threats to occupational health and safety are described below. The molecular
beacons and DNA aptamers are used to synthesize optical probes using semiconductor
nanocrystals or quantum dots along with quenchers. In addition, the fabrication of a substrate for
enhanced Raman signals for the detection of metal ions using a DNA aptamer is described.




a) Molecular beacons for pathogen detection

For the detection of Salmonella typhimurium and Listeria monocytogenes the antisense beacon
sequence for specific genes in these pathogens were ordered from Integrated DNA Technologies
(IDT) (Coralville, 1A). For Salmonella detection the target sequenceis GCT CAG ACA TGC
CAC GGT ACA ACG, whichis specific to theinvA gene. The target sequence for Listeria
detection isCAT CGT CCA TCT ATT TGC CAG GTA. For both molecular beacons the
antisense sequence was ordered with a black hole quencher 1 (BHQZ2) modification on the 3’
end. BHQ?2 is adye that maximally absorbs light in the 559 nm to 670 nm range. The 5’ end was
functionalized with an amide group and 12 extra carbon atoms to provide a spacer between the
DNA and the much larger quantum dot (QD). The quantum dots in this study were composed of
a cadmium selenide (CdSe) core and a zinc sulfide (ZnS) shell and were purchased from
eBioscience, Inc. (San Diego, CA). These QDs emit light at 605 nm when excited by a higher
energy light source. The surface of the QDs was carboxyl! functionalized for conjugation to the
amide terminated DNA beacon. The cross-linker 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC or EDAC) was used to bind the beacon to the QD. These
molecular beacons in their folded form are shown in the figures below.

Folded Beacon
Structure . —i—u_

E — Black Hole
- : Quencher |

Carboxyl CdSe T—g
Quantum Dots

Figure 1. Molecular beacon for Listeria monocytogenes. Target is DNA sequence CAT CGT CCA TCT ATT
TGC CAG GTA.




Folded Beacon Structure
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Target:
GCT CAG ACATGC CACGGT ACA ACG
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Figure 2. Molecular beacon for the detection of Salmonella typhimurium using a quantum dot and black hole
quencher 1.

While the probes arein their folded conformation the BHQ2 is close enough to absorb the light
emitted by the QD. BHQ2 can absorb light through Fluorescence Resonant Energy Transfer
(FRET), which is a distance depended energy transfer process [9]. It occurs when the QD and the
BHQ2 are within close enough proximity to each other (1-10 nm). Once the target sequenceis
present, the folded complementary sequence opens up in order to hybridize with the target. This
causes separation between the QD donor and the BHQZ2 acceptor, thereby reducing the amount
of energy transfer or quenching. The detection of thetarget isindicated by an increasein
fluorescence.

b) Zinc ion Detection with Raman Spectroscopy

In order to investigate the potential for using microRaman spectroscopy as a method for remote
detection of harmful chemical species, the Raman signature of a DNA aptamer that was selected
for zinc was analyzed with and without zinc. This was done using a silver film over nanosphere
(AgFON) substrate to enhance the signal. Van Duyne has shown these substrates to enhance the
Raman signal via the phenomenon Surface Enhanced Raman Spectroscopy (SERS) [10]. The
original aptamer, labeled Zn-6m2, which was selected by Rgjendran and Ellington, was truncated
to only include the segment involved in the folded structure [11]. The figure below shows the
predicted folded structure of the zinc aptamer when interacting with zinc.
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Figure 3. Top isthe DNA sequence of aptamer Zn-6m2 in its predicted folded confor mation with a dotted line
indicating wher e the aptamer wastruncated for thisexperiment. Bottom isthe schematic of the SERS
substrate, which consists of a layer of polystyrene beads covered with athin film of silver (~100 nm). The
aptamer was placed on the surface for analysis.

The aptamer for zinc in Figure 3 was ordered from Integrated DNA Technologies (Coralville,
IA) with the segment to the right of the dashed line removed since this segment does not appear
to beinvolved in the zinc interaction. The aptamer was dissolved in TE buffer at a concentration
of 5mM. Zinc chloride salt from Sigma-Aldrich (St. Louis, MO) was used to make a solution of
aptamer with zincions.

The SERS substrate was created using nanosphere lithography as done previously by Van Duyne
et a. [10]. Glass dlides obtained from Fisher Scientific were cleaned using Piranha (1:3
30%H,0,:H,S0,) solution and then rendered hydrophilic by using 5:1:1 H,O:NH,OH:30% H,0,
with sonication for 1 hour. Surfactant-free, white carboxyl substituted polystyrene latex
nanospheres with diameters of 390 nm from Duke Scientific, were used undiluted at 2 pl
(10%wt/ wt %) and drop coated onto the glass dlide. After drying, athin layer (~100 nm) of
silver was thermally deposited on the microsphere mask using the Varian e-beam deposition
system at arate of 1 A/sat 10 torr pressure. After the substrates were prepared the two samples
were drop cast onto the surface and alowed to dry. One with the aptamer at a concentration of 5
mM and the other with the aptamer plus 2 mM zinc (1) ions. The two sequences were analyzed
using a Renishaw micro-Raman system with an Ar* -ion laser (514.5 nm wavelength). The
power was 8 mW and the acquisition time was 120 s.

c) Mercury (11) ion probe

The modified thrombin binding aptamer (TBA), 5-/5SAMMC12/GGT TGG TGT GGT TGG
/3ThioM C3-D/-3 was purchased from Integrated DNA Technologies Inc. (Coralville, IA). The
reagents Tris(2-carboxyethyl)phosphine) (TCEP) and (1-Ethyl-3-[ 3-

dimethylaminopropyl] carbodiimide Hydrochloride) (EDC) were purchased from Pierce
Biotechnology (Rockford, IL). The carboxyl-functionalized eFluor® 650 Nanocrystals (NC) or
QDs were purchased from eBioscience, Inc. (San Diego, CA) and have a CdSe core and ZnS
shell with a proprietary polymer coating. The emission wavelength is 650 +/- 3 nm. The 1.4 nm
diameter Monomaleimido Nanogold® particles or gold nanoparticles (AuNP) were from
Nanoprobes, Inc. (Y aphank, NY). All other chemicals were obtained from Sigma-Aldrich (St.
Louis, MO).



The DNA was dissolved in Tris ethylenediamine tetraethyl acetate (EDTA) (TE) buffer (10 mM
Tris, 1 mM EDTA) at pH 8.0. Thedithiol group on the DNA 3’ terminus was reduced using
TCEP solution to a sulfhydryl (-SH) group before mixing with the Monomaleimido Nanogold
particles. Anexcessof DNA was used at aratio of 20 nmol DNA to 6 nmol Nanogold. An
excess of DNA was used because the smaller molecular weight DNA is easier to separate. After
this step, the solution was filtered using a 10K molecular weight cut off (MWCO) centrifugal
device, which was centrifuged at 7,000 x g for 20 minutes, to remove any unbound DNA and
excess TCEP. The TBA-Nanogold conjugates were then suspended in TE buffer for attachment
to the QDs. Again, an excess of DNA was used for this conjugation. There were 10-fold more
TBA-AUNP structures than QDs. The carboxyl groups on the QDs are activated with the
crosslinker, EDC, followed by reaction with the amine-functionalized 5’ terminus of the TBA.
The mixture was then filtered with a 100K MWCO membrane to remove any unbound TBA-
AUNP complexes. A schematic of the probe and how it worksis illustrated in the figure below
(Figure 4). Figure 5 shows how Hg ions interact with DNA through the nitrogen 3 atom of the
nucleic acid thymine. Thisinteraction iswhy astrand of DNA with 6 thyminesin it will bind to
Hg. Since the thymines are symmetric in their position, the TBA foldsin half when the thymine-
Hg-thymine structures form.
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.: eFluor® 650NC  (  :Gold Nanoparticle @ :Hg?*

S—">—">~— :DNA 5’GGTTGGTGTGGTTGG-3’

Figure 4. Schematic of the NSET based sensing mechanism of the TBA-Nanocr ystal-Nanogold bioconjugate
probe for detecting Hg”" ions.
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Figure5. Mercury (11) ionsinteract with the nitrogen 3 atoms (N3) in the DNA base thymine.

d) Lead(ll)ion probe
The TBA (5’ -/AmMMC12/GGT TGG TGT GGT TGG/3ThioMC3-D/-3") was aso used for
detection of Pb ions, but the conformational change that occurs upon interaction is different. The

TBA foldsinto a G-quadruplex when Pb is present. Thisis shown in figure 6.
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Figure 6. Schematic of the NSET based sensing mechanism of the TBA-Nanocr ystal-Nanogold bioconjugate
probe for detecting Pb®* ions. The Pb ion causes the G-quadr uplex formation.

The same materials were used for the Pb detection as for Hg. Nanosep® centrifugal devicesin
3K and 100K molecular weight cutoffs (MWCO) were acquired from Pall Life Sciences (Ann
Arbor, MI). Lead (I1) chloride salt was obtained from Sigma Aldrich (St. Louis, MO).

A : Pb 2+



The TBA was dissolved in Tris ethylenediamine tetraethyl acetate (EDTA) (TE) buffer (10 mM
Tris, 1 mM EDTA) at pH 8.0. EDTA aidsin protecting DNA from degradation by nucleases by
chelating divalent cations, which are required for nucleases to function [12]. The dithiol group on
the TBA was first reduced using TCEP and then mixed with activated Nanogold solution. Gold
nanoparticles and DNA were incubated at aratio of 7:1. Excess gold was used to ensure that
each TBA attached to a QD has gold conjugated to its opposite end. Thiswill help prevent QD
photoluminescence from continuing at the same intensity while lead (I1) ions are interacting with
the TBA.

Next, the solution was filtered using a 3K MWCO centrifugal device at 14,000 x g for 15
minutes, to remove the excess TCEP. The TBA-AUNP conjugates were then suspended in TE
buffer.

Two ratios of TBA-AUNP structures to QDs were tested for the TBA to QD conjugation, 10:1
and 5:1. The carboxyl groups on the QDs are activated with the cross-linker, EDC. Once
activated, they react with the amine-functionalized end of the TBA for two hours at room
temperature. The solution was then filtered with a 100K MWCO centrifugal device at 5,000 x g
for 10 minutes to remove any unbound TBA-AUNP complexes[13].

The photoluminescence (PL) was measured using a USB4000 Ocean Optics (Dunedin, FL)
spectrometer with a 380 nm LED for excitation. The liquid assay probe was tested in triplicate at
different concentrations of Pb* ions, from 50 nM to 1 uM for both DNA to QD ratios. The PL
intensity at 650 nm was recorded for the probe and the probe pluslead at a range of different
lead concentrations. The average of three measurements was taken to gauge the uniformity of the
probe. The liquid assay probe was placed in a UV cuvette for PL measurement.

e) Zinc (I1) ion and Cadmium (I1) ion probe
The aptamer Zn-6m2, which was selected for zinc by Rajendran and Ellington also has an
affinity for cadmium ions[11]. The kinetics have been shown to be different for the two ions
however, with the reaction being faster for zinc. In addition to investigating the use of this
aptamer for the detection of zinc using Raman spectroscopy it was also evaluated as the
molecular recognition element in an optical probe for detection Zn and Cd. A truncated form of
the Zn-6m2 aptamer that was only 50 bases in length, but contained the nucleotides involved in
the folding and binding to zinc ions, was purchased from Integrated DNA Technologies Inc.
(Coralville, 1A). Mfold was used to show the predicted folded structure of the truncated aptamer
and the structure with the lowest free energy is shown in Figure 7 [14]. It was functionalized on
the 5" terminus with a disulfide group and the 3' end contained an amine modification.



Figure 7. Schematic of probefor zinc and cadmium ion detection using a truncated version of the aptamer
Zn-6m2 and a quantum dot and gold nanoparticle.

The carboxyl-functionalized eFluor® 650 Nanocrystals (NC) or QDs were acquired from
eBioscience, Inc. (San Diego, CA). These QDs have a CdSe core and a ZnS shell with a polymer
coating and an emission wavelength of 650 +/- 3 nm. The Monomaleimido Nanogold® particles
of 1.4 nm diameter were obtained from Nanoprobes, Inc. (Yaphank, NY). The reagents TCEP
and EDC were purchased from Pierce Biotechnology (Rockford, IL). Nanosep® centrifugal
devicesin 3K and 100K molecular weight cutoffs (MWCO) were acquired from Pall Life
Sciences (Ann Arbor, Ml). Zinc chloride solution (0.1 M) and cadmium nitrate solution were
obtained from Sigma-Aldrich (St. Louis, MO).

For the DNA-AUNP conjugation aratio of 7:1 gold to DNA was used and the reaction was
incubated at room temperature for 2.5 hours. The mixture was filtered using the 3K MWCO
centrifugal device at 14,000 x g for 15 minutes, then resuspended in borate buffer. Borate buffer
is used because it does not contain amine groups, which could interfere with the QD conjugation.
The DNA-AUNP nanoconstruct was then conjugated to the QDs at aratio of 10:1 DNA-AuUNP to
QD. After activating the carboxyl groups on the QD surface using EDC, the DNA-AUNP was
added and the mixture incubated for 2 hours while gently mixing. The reaction mixture was then
filtered using a 100K MWCO centrifuga filtration device at 5,000 x g for 15 minutes to remove
any unbound DNA or AuNPs. The filtration step was repeated twice using borate buffer to
further wash away any unbound materials.

f) VI. Filter paper coupons for portable handheld device

In addition to detecting heavy metals or other chemical hazards using aliquid assay, filter paper
coupons were fabricated to test the assay as a dried dot, which could be used in ahand held
portable device for field use or as apoint of care tool. The filter paper used was Immobilon®-FL
filter paper from Millipore Corporation (Billerica, MA). The Immobilon®-FL filter paper is
meant for use in fluorescence measurements, as it has low auto-fluorescence. The couponis
made by adhering filter paper to a plastic coverdip for rigidity. The probe assay is then pipette
onto the coupon in avolume of 2 ul. Thisvolume alows for adried dot that is small enough in



diameter to fit within the beam of the LED when tested. Each dot contains 0.6 picomoles of
probe.

| 4. Resultsand Discussions

a) Molecular beacons for pathogen detection

The molecular beacon for S. typhimurium was tested by placing 100 uL of the molecular beacon
at aconcentration of 10 nM in avial followed by addition of the target sequence. The vial was
place under UV light to observe visible photoluminescence while in the quenched state (see
Figure 8 —left). The target sequence was added to the beacon and an increase in light emission
was seen, as shown in Figure 8. Thisincrease in photoluminescence was visible with the naked

eye.

Figure 8. Vial containing S. typhimurium beacon in quenched state before target added (left) and beacon in
unquenched state after addition of 1 mM target sequence (right). The decrease in photoluminescenceis
visible by the naked eye.

b) Zinc detection with Raman spectroscopy

The Raman spectrum of the zinc aptamer on the AgFON substrate for two spectra appear slightly
different in the 1300 — 1500 cm™ range as shown in Figure 9. The metal ion binding has likely
interfered with the ring stretching modes in this region. The shifts in wavenumber are indicators
of distortions of the DNA. A significant shift is evident from 1323 cm™ for the aptamer alone to
1319 cm™ for the aptamer plus zinc. This mode is attributed to the adenine mixed in-plane
stretching mode of the 6-member ring. Most other differences areonly 1 —2 cm™.
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Figure 9. Drop coated sample of unmodified DNA aptamer (blue) and unmodified DNA aptamer + Zn?" (red).
Conditions: 8 mW laser power, 120 s exposuretime.

A comparison between the Raman peaks seen with just the aptamer and the aptamer with Znis
shown in Table 2. It also lists the mode associated with each peak.



Table 2: A comparison between the Raman modes of the zinc aptamer alone and the modes
produced by the zinc aptamer with zinc.

APTAMER APTAMER +ZN* MODE DESIGNATION

655 Guanine in-phase ring stretching of 6-member ring
except C4Cs

733 731 Adenine ring stretching

784 782 RS: cytosine breathing mode & symmetric stretch of
phosphodiester bond

787 788 Cytosine ring breathing mode

983 Cytosine CsH breathing mode

1216 Thyminering & CsMe stretching

1323 1319 Adenine mixed in-plane stretching mode of 6-
member ring

1332 1330 Guanine CgNg & N;Cg stretching

1380 1373 Thymine Cs-Me bending

1508 1509 Cytosine N3C4 & N;C; stretching

1578 1576 Purineline

C) Mercury detection
An optical probe for detecting mercury (11) ions was synthesized using a DNA aptamer, QDs,
and gold nanoparticles. The photoluminescence data was taken using a USB4000 Ocean Optics
(Dunedin, FL) spectrometer with a 380 nm LED for excitation. Three aliquots of TBA probe (10
nM) were prepared for analysis, one without Hg?*, one containing 500 nM Hg** ions, and the
third containing 824 uM Hg”" ions. The three Hg?* ion concentrations were also tested with 100
uL aliquots of QDs at 10 nM. This was done to determine if the mercury ions alone had any
effect on the QD photoluminescence. Figure 10 shows the photol uminescence spectra of the
three samples, where a decrease in luminescence peak is seen with Hg?* ions present. The
quenching efficiency, n was calculated as [(lo- 11g)/10], Where Ig is the peak [uminescence



intensity without Hg** for 10 nM TBA probe and lhg 1S the peak luminescence intensity with
Hg?* ions present. The 500 nM Hg”* ion sample had a quenching efficiency of 62%.
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Figure 10. Fluor escence spectra of TBA probe (10 nM) without Hg?*, with 500 nM Hg*, and with 824 mM
Hg? present.

This was comparable with the work of Liu et al. who obtained 66% quenching efficiency using
the TBA with the donor carboxyfluorescein (FAM) and the acceptor DABCY L for Hg?* sensing
at 500 nM [15]. Although the quenching efficiency was similar, Liu et al. did not show any shift
in peak intensity. Another difference between the previously mentioned study and thiswork is
the use of EDTA in the buffer. EDTA aids in protecting DNA from degradation by the enzyme
DNase by chelating divalent cations such as Mg**, which are required for DNase to function. It
isinteresting to note that this decrease in luminescence was achieved in the presence of EDTA,
which is capable of interacting with Hg?* ions [12]. Perhaps the quenching efficiency could be
improved beyond 66% without EDTA in the buffer. Given the amount of EDTA in the buffer, it
could also be that the affinity between Hg?* ions and thymine basesis stronger than it is for Hg**
and EDTA.

When the large excess of Hg?* ions, 824 uM, was tested there was no peak detected. This could
be the result of complete quenching by the AuNPs due to the addition of Hg?* ions. However,
thereis aslight chance that unconjugated QDs are present in the assay. A ratio of TBA:QDs of
10:1 gives adistribution of QDs with different quantities of TBA attached and there would be
less than 0.01% of QDs with no TBA bound. If this were the case, the Hg>* would not be able to
cause the quenching through the expected mechanism for those unconjugated QDs and there
would still be some fluorescence emission from the unbound QDs. There would have to be
another means of extinguishing the fluorescence. Alternatively, the complete quenching
observed could be the result of the Hg?* ions interacting with the surface of the QDs and thereby
affecting their emission. A quenching effect was seen in other work using L-cysteine capped
CdS QDs when exposed to Hg?* ions[16]. Whileit is unlikely that Hg*" ions were able to



interact with the polymer coated QDs, the photoluminescence was measured for QDs alone (no
TBA-AUNP nanoconstruct attached) at 10 nM and with the previously tested Hg”* ion
concentrations (Figure 11). The peak intensity for the QDs alone (a) and the QDs with 500 nM
Hg?" ionsis effectively the same. Interestingly, the addition of 824 pM Hg?* resulted in the
complete quenching of the QD luminescence, as seen in (c) of Figure 11.
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Figure 11. Fluor escence spectra of (a) QDs (10 nM), (b) QDs (10 nM) with Hg? (500 nM), and (c) QDs with
Hg?*" (824 mM) present.

The quenching could be the result of mercury ions interacting with the QDs. The heavy metals
Cu?*, Fe**, and Zn** have been shown to eliminate QD fluorescence irreversibly [17]. Therefore,
at acertain concentration, Hg®* also eliminates QD fluorescence, but below thislevel the
aptamer-based probe is necessary for detection. For a 10 nM sample of QDs complete inhibition
of fluorescence occurs between 45 and 55 uM mercury (1) ions (Figure 12).
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Figure 12. Changein PL of 10 nM QDswith increasing Hg2+ concentration.

In addition to the luminescence quenching seen with Hg”* present, there was also a blue shift
between the unguenched and quenched samples. The peak for ‘O Hg' in Figure 10 is at 648 nm,
whereas the peak for the quenched state with 500 nM Hg, is shifted 13 nm to 635 nm. This
decrease in emission peak has been demonstrated previously in our group through an
investigation of the energy transfer process between QDs and AuNPs, where a 12 nm blue shift
was seen [18]. In both cases, 1.4 nm diameter Nanogold particles and CdSe/ZnS QDs were used.

While detection of mercury ions has been demonstrated, there has been variability in the probe
performance. It was hypothesized that using an excess of DNA in the conjugation of the gold
nanoparticles to the DNA may improve performance. This was based on the actual probe
configuration as shown in Figure 13 where each QD has approximately 10 DNA strands
attached. Theideal configuration would be just one DNA sequence per QD. However, the
difficulty in separating QDs with different numbers of DNA strands attached prevents this.
Given this configuration it is important that each strand of DNA is conjugated to an AuNP. If
not, false negatives are more likely, as shown in the bottom row of Figure 13 where the QDs are
not quenched in the presence of Hg. If Hg ionsinteract with DNA that does not have agold
nanoparticle attached, then the folding event will not result in quenching.
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Figure 13. Actual probe configuration when using 10:1 DNA to QD ratio. Possible scenario if DNA does not
have gold nanoparticle attached, which would cause a false negative.

In order to ensure that all DNA are conjugated to a AUNP, an excess of gold (10-fold) was tested
in the gold conjugation step. Since the AUNPs are 1/20™ of the diameter of the QDs, they will be
removed during the filtration step of the QD conjugation. The excess gold showed better results
so different ratios were tested. In addition to the 10:1, 7:1, 5:1, and 3:1 were evaluated. Thiswas
done to reduce materials used if possible. A ratio of 7:1 for AUNP:DNA was found to have the
most consistent results asillustrated in Figure 14. All future probe synthesis was done using this
optimized parameter.
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Figure 14. Quenching Efficiency at different Hg concentrationsfor probes made with different AUNP:DNA
ratiosliquid assays.

Theratio of DNA to QD used in the second conjugation step was also optimized through testing
of DNA:QD ratio 5:1 against the control ratio of 10:1. A 5:1 ratio would produce mostly QDs
containing 5 DNAs attached to each. The results for this test are shown if Figure 15.
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Figure 15. Quenching efficiency vs. Hg concentration for different DNA:QD ratiosin liquid assay.

d) Lead detection

The probe at different lead concentrations for different DNA to QD ratios was tested in aliquid
assay for the optimization of the probe. Quenching efficiency (n%) was calculated using the
formulan = (I-10)/lo, where lg is the intensity of probe and | is the intensity of the probe exposed
to Pb*" ions. Figure 16 shows the results of the liquid assay probe being tested against different
concentrations of lead from 100 nM to 1 uM for 10:1 and 5:1 DNA to QD ratios. The quenching
efficiency was calculated for three sets of readings and the average was taken. The quenching
efficiency observed at 1 uM was -41 % for the 5:1 measurement and -39% for the 10:1
conjugation as shown in Figure 16. The probe was tested at this particular concentration range
because the OSHA and WHO safety levels for lead intake are 30 pg/dL (1.45 uM) and 40 pg/dL
(1.93 uM), respectively [3]. Blood lead levels above these thresholds are cause for concern.
Therefore a significant quenching efficiency would be required for this range. Asthe error bars
indicate in Figure 16, the 10:1 conjugation shows less variability than the 5:1.
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Figure 16. Quenching efficiency of the probe at different Pb concentrationsfor different DNA to QD ratios
tested in a liquid assay

In addition, change in the PL was measured for different concentrations of Pb** ions with only
the QDs to investigate any effect Pb*" ions may have on the fluorescence of the QDs. Thisis
shown in Figure 17. It has been shown that some heavy metals can eliminate QD fluorescence
starting from a particular concentration of metal ion [17]. QDs alone when exposed to Pb*" ions
had significantly decreased fluorescence (-47%) at approximately 6 uM, which is approximately
five times the safety level of lead. The aptamer-based probe, however, detected lead at the
appropriate concentration range. This demonstrates that the probe performance for detecting Pb?*
ionsat 1 pM was not due to the interaction of Pb** ions with the QDs. Rather; significant
decreases at 1 uM lead are aresult of the energy transfer process of the probe.
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Figure 17. Change in photoluminescence (PL) intensity of 10 nM QD650 at different Pb concentrations from
0to 900 mM.

€) Zinc and Cadmium detection

Samples were prepared for testing the Zn-6m2 probe against zinc and cadmium. 200 uL samples
with a probe concentration of 10 nM were prepared. Each sample was comprised of 2 uL of
probe and between 178 uL and 196 uL of tris-acetate buffer at pH 7.35. After the control
intensity was measured the zinc or cadmium solution was added to make 200 uL. For Zn 100
uM, 800 uM, and 10 mM concentration was evaluated based on the upper limit of normal blood-
Zn levels being approximately 20 uM. The calculated quenching efficiencies are shown in
Figure 18 below. The integration time was 500 ms. Two measurements were taken for each
concentration and averaged.
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Figure 18. Zn-6m2 praobe tested against different concentrations of zinc (11) ion in aliquid assay.

For cadmium alower concentration range was tested. These samples aso had afinal volume of
200 uL and contained 10 nM concentration of probe. The quenching efficiencies are shown in
Figure 19 for 100 nM up to 400 uM. Two measurements were taken and averaged. The Zn-6m2
probe performed well at 100 uM and 400 uM Cd concentrations with significant quenching
efficiencies of -35% and -55% respectively.
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Figure 19. Zn-6m2 probe tested against different concentrations of cadmium (I1) ion in aliquid assay.

f) Filter paper coupons for portable handheld device

The probes synthesized for Hg and Pb and Zn and Cd detection were applied to Immobilon®-FL
(low auto-fluorescence) filter paper coupons. Each dot contained 0.6 pmoles of probe. Once dry,
the peak fluorescence intensity of the dot is measured and recorded as the control intensity or Io.
After the control intensity is recorded a volume between 2 uL. and 4 uL is applied to the dot via
pipette and the intensity is measured again in order to calcul ate the quenching efficiency. The
metal ion solution concentrations were determined to provide equivalent exposures as the liquid
assays. Measurements were taken in duplicate for the filter paper testing. For Hg and Pb both
DNA:QD ratios were evaluated. In Figure 20 thefilter paper coupons made with the TBA probe
are tested for awide range of Hg concentrations. The quenching efficiencies were not
significantly different for the 10:1 and 5:1 DNA to QD ratios.
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Figure 20. Quenching efficiency of the probe at different Hg concentrationsfor different DNA to QD ratios
tested on filter paper coupon.

When tested against Pb, as shown in Figure 21 the quenching efficiency was -71% with almost
no difference between the two measurements at 1 pM Pb?* ion concentration for both 10:1 and

5:1 DNA to QDsratio. Optimal performance at 1 uM is desired for Pb detection based on the
WHO and OSHA standards.
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Figure 21. Quenching efficiency of the probe at different Pb concentrationsfor different DNA to QD ratios
tested on filter paper coupon.

Thefilter paper coupon was tested against Cd at three different concentrations (Figure 22). All
three concentrations had a quenching efficiency of approximately -60%. The Zn-6m2 probe was
also tested against Zn on the filter paper coupons. The quenching efficiencies for 667 nM Zn, 67
uM Zn, and 3 mM Zn are shown in Figure 23.

Filter Paper test for Zn-6m2 probe tested against different
Cadmium Concentrations

0
10 67 nM 667 nM 7uM
-20
-30
-40

-50 \
-60

=70

Quenching Efficiency (%)

=

——
[S—

-80
-90

-100 -

Figure 22: Filter paper coupon tested for three concentrations of cadmium (11) ion.
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Figure 23: Filter paper coupon tested for three concentrations of zinc (1) ion.

The liquid assay for Hg/Pb has been shown to be fairly stable after storage at 2-4°C for 3 weeks
when tested on filter paper for Hg concentrations between 1.25 uM and 5 uM. The quenching
efficiency for 2.5 uM was -56% when tested 1 week after it was synthesized and only decreased
to -33% when tested 2 weeks later. The stability of the filter paper coupon dot was aso
evaluated. In this test the detection of Cd was tested at day 1 for 67 nM Cd with a quenching
efficiency -59%. After making the coupons, they were stored at room temperature for 1 week,
then tested against the same Cd concentration (Figure 24). The quenching efficiency decreased to
-45% and had more variability between measurements but still had detection capabilities after
being stored at ambient conditions for 1 week.
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Figure 24: Filter paper coupon assay tested against 67 nM cadmium at two time pointsto evaluate stability of
coupon.



| 5. Conclusions

Heavy metal ions, such as mercury and lead ions, can be detected using Thrombin Binding
Aptamer (TBA) asit bindsto Hg>" ions via thymine bases and Pb?* ions via guanine bases. Gold
nanoparticles (Au-NP) containing a maleimide group are conjugated to sulfhydryl (-SH) group
on TBA end.Au-NP-TBA conjugates are united to carboxyl-functionalized Cd-Se quantum dots
(QD) with peak emission at 650-nm.Nanometal Surface Energy Transfer (NSET) between QD
and Au-NP allows optical signal transduction upon target induced folding of the aptamer. This
scheme could be used for detection of other heavy metal ions, such as Pb**, Cd*", or Zn**. The
same scheme could a so detect biomarkers using DNA aptamer. These QDs and gold
nanoparticles make durable nanoconstructs for detecting heavy metal ions. The detection of
mercury and lead ions at the nanomolar to micromolar level was achieved using the DNA
aptamer and quantum dots. Probe assay applied to Immobilon-FL (low auto-fluorescence) filter
paper-coverslip coupon enabled more consistent detection when compared with liquid assay
tests. Also QDs alone exposed to Pb** ions and Hg?* ions resulted in decreased fluorescence at
approximately 5 times above safety levels, while the aptamer-based probe was sensitive enough
to detect lead in the appropriate range. The Zn-6m2 aptamer was used for detecting Zn and Cd at
different concentration ranges. Cd and Zn were also detected using filter paper coupons, which
gave consistent results.
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G. Development and Sensor Testing

‘ 1. Summary

Sensing Strategies, Inc. (SSI) has carried out technology investigations and hardware prototype
developments to support the AF/SG requirements for directed energy detection and
characterization and occupational health/toxicology topic areas. The investigations involved
laboratory measurements of novel detection approaches with an emphasis on identifying
promising approaches and their limitations. Ideas that did not seem to merit further investigation
were identified as well. For the prototype developments, the emphasis was on directed energy
detection sensors and three different sensors were developed. The sensors have been used by a
variety of organizations to satisfy different deployment and demonstration objectives. There is
clear applicability of the devices used to AF medical and operational missions and considerable
overlap with the needs of law enforcement personnel. Demonstrations were made of different
data dissemination approaches to enhance the utility of collected data to enhance medical
evaluations of exposed personnel and support safe operations for future missions.

‘ 2. Introduction

This work was performed under a subcontract with the University of Illinois at Chicago and
made possible by contract number FA7014-07-C-0047 from HQ US Air Force Surgeon General
and AFDW and its contents are solely the responsibility of the authors and do not necessarily
represent official views of the HQ US Air Force Surgeon General and AFDW

Detecting and characterizing laser radiation has grown in importance over the last few years
because of the rapid increase in the number of aircraft illumination incidents of both domestic
and military aircraft. While many of these incidents are carried out by individuals with low
power laser pointers, the illuminations at even eye safe irradiance levels can be distracting to a
pilot during critical operations such as landing an aircraft. In addition to the laser pointer
incidents, the military is concerned about pulsed laser illuminations since they have greater
potential to be hazardous to personnel. Pulsed lasers are used for a variety of military missions
such as rangefinders and designators. Furthermore, many of the militarily relevant lasers are not
visible, so without some kind of sensing capability, the personnel being illuminated will be
unaware of the occurrence which will be important from both situational awareness and
personnel protection perspectives. Therefore, SSI’s primary focus under this contract was to
develop new designs and extend existing designs to provide innovative and effective ways to
detect, classify, and characterize laser illuminations of military personnel.

SSI also investigated novel sensing approaches for detecting hazardous substances in air and
water for occupational health and toxicological monitoring applications. SSI’s investigations
involved experimental evaluations of new detection concepts including Raman spectroscopy,
aptamers on quantum dots, nanoparticles.

‘ 3. Methods, Assumptions and Procedures

Developing laser sensors from a medical health perspective is a relatively new problem area so
there are not established methods or procedures for either developing requirements or
implementing concepts of operation. Instead, SSI needed to work with various AF organizations
to educate them about the laser illumination problem and explain what kind of data could be



provided by specialized sensors. We also explained how the data could be used to improve
personnel medical evaluations and to develop mitigation procedures to reduce the risk of injuries
to personnel. In the discussions, the AF personnel expressed ideas and preferences regarding
functional and parametric specifications that they believed were important. For example, some
pilots recognized that pulsed lasers were of more potential hazard to their eyes and wanted a
small portable sensor that addressed that part of the threat space.

Combining these interactions with our corporate history in building specialized laser sensors, SSI
recommended a path of sensor development that is reflected in this report. The Personnel
Protection Sensor (PPS) addresses the small format, pulsed laser detector problem. The M4
sensor was developed to prove the performance of more sophisticated sensors in a larger package
with the expectation that the sensors would be used in an eventual geolocation sensor. While
providing quantitative laser exposure data is a primary motivation for the sensors developed
under this program, a universal desire from users is to geolocate the threats themselves. That is,
identify the laser location on a map so the perpetrator can be apprehended or countered in some
means. This goal is addressed by the M6 sensor which was completed late in the program and
includes orientation sensors which, combined with the sensor location derived from GPS and the
laser incidence angle from the M6 integrating sensor, allows for a laser location (and associated
uncertainty) to be computed. There were not opportunities to fly the M6 sensors under this
program so future work will be needed to establish their geolocation performance.

a) Personnel Protection Sensor

SSI developed a novel sensor for detecting and characterizing pulsed laser radiation that could be
potentially hazardous to personnel and this sensor was called the personnel protection sensor
(PPS). One of the goals for this sensor was for it to be battery operated and small enough to be
carried in a pocket and held in place on a vehicle temporarily with Velcro. Functional and
performance compromises were necessary to meet the size goals, so SSI developed an approach
that could provide real-time feedback to an operator regarding ocular hazards without explicitly
measuring all of the laser characteristics. The sensor provides amplitude for the pulsed lasers
reported as fraction of maximum permissible exposure (MPE). The system was designed to
provide this value across 110 degree full angle field of view (FOV) throughout the 400-1100 nm
spectral range even though it does not specifically measure wavelength. The sensor also reports
whether protective eye wear will be effective in blocking the laser radiation and by indicating
hazard warnings on the back of the device. These functions are tied to an internal spectral filter
representative of eye wear that might be used by AF personnel. Figure 1 shows the dimensions
of the PPS sensor dimensions which include the internal, rechargeable battery. The sensor
weighs less than 1 pound and will operate roughly seven hours on a charge.
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Figure 1. Personnel Protection Sensor (PPS) and its Dimensions

i. Sensor Operation
The PPS sensor shows threat information when pulsed lasers are detected. A power indicator
and pulse repetition frequency are displayed along with a textual display regarding the laser
exposure and potential hazard. At threshold (roughly .001 x MPE), a blue light emitting diode
(LED) is lighted and the pulse repetition frequency (PRF) of the laser is displayed. As the
incident laser fluence (Joules/square centimeter (J/cm2)) increases, a real-time text indicator
displays information about the potential hazard. If the laser radiation can be blocked by the eye
protection filters, the display shows “Use CM (Countermeasure)”. If the eye wear are not able to
block the laser radiation, the display shows “Vulnerable” and then “Danger” if the exposure
exceeds the MPE. Figure 2 shows a sample display of the PPS for a laser illumination that is
blocked by the laser filter. Note, it is critical that the filter used in the PPS and the users eyewear
match for the displays to be meaningful.

Figure 2. PPS Sensor Display

The PPS sensor display is live and provides real-time indication regarding pulsed laser
detections. The display and interface were designed to be useful from a demonstration
perspective, but it is anticipated that a modified display or indication system would be desired by
operators. The PPS design allows for repackaging the sensor and reformatting the data output in
a future effort to suit requirements defined by the AF.



Table 1: PPS Specifications

Field of View 110 degrees

Detection Threshold <107 J/cm? visible

Amplitude Measurement Decade bins

Threat Characterization Determines if signal is in protection bands or not

ii. Data Products
Data files from the PPS are downloaded to another computer and processed with an application
called PPS Analysis Tool. The tool allows one to open files and display their contents as shown
in Figure 3. In this case a 20 Hz laser is being fired at a target board and a range of amplitudes
up to 3 (approximately equal to MPE) is observed. For the brighter pulses, the sensor displays
live and shows in the recorded data that the laser eye protection countermeasure should be used
(Protect = yes). A summary of statistics for the data file are provided and tabs are available for
the GPS data and sensor diagnostic data. There are two output options with the tool. First, the
plots seen in the display can be printed to bitmaps using the print button. This allows the analyst
to easily incorporate results into briefing charts. The save button saves the data in a comma
separated value (CSV) file for analysis or plotting by outside tools. Figure 4 shows an excerpt of
a spreadsheet used to display the CSV file which includes the summary information, details on a
pulse by pulse basis and the GPS data. The first column is seconds past midnight (SPM)
followed by the date and details on the events. The data can be copied and pasted into other
applications or used directly from the CSV file.



~ PPS Analysis Tool

File Information Data Detail
11@528_170217.pps
3 17:82:17 @5/28/2011
eeh 14m ©8s

Event Summary

1: 1

System Information

Events

110528_171250
110528 _171251
110528_171251
110528 _171251
110528 _171303
110528_171303
110528 _171303
110528_171303
110528 _171304
110528_171304
110528_171304
110528 _171304
110528_171304
110528_171304

Figure 3. Sample PPS Analysis Tool Display



Time/Date: 17:02:1705/28/2011
File Duration: 00h 14m 08s

Total Events: 0

#VULNERABLE Events: 0
#USE_COUNTERMEASURE Events: 77
#DANGER Events: 0

Peak Event Brightness: 3

Maximum PRF: 19.96 Hz

fFinal Battery Percent Filled: 97 %
Temperature Range: 27- 32°C

Mission Start Time: 17:02:1705/28/2011

SPM DAY MON YR STATUS LEVEL IPI #EVNTS SAMP#  LAT LON RSVD
61985.36! 28 5 11 2 2 0.050101 1 10060 11.54295 43.16566
61985.93 28 5 11 2 2 0.050101 1 10061 11.54295 43.16566
61985.99 28 5 11 2 2 0.050101 2 10062 11.54295 43.16566
61986.05 28 5 11 0 1 0.050101 1 10063 11.54295 43.16566
61986.12 28 5 11 2 3 0.050101 1 10064 11.54295 43.16566
61986.18 28 5 11 2 2 0.050101 1 10065 11.54295 43.16566
61986.25 28 5 11 2 2 0.050101 2 10066 11.54295 43.16566

Figure 4. PPS Exported CSV File

iii. Moody AFB Demonstration
Two PPS sensors were sent to the 71% RQS (rescue squadron) located at Moody AFB for an
extended deployment of the sensors by medical personnel. The sensors were used in a
combination of C-130 airborne measurements as well as ground support measurements. The
left-hand panel of Figure 5 shows the sensors operated on the C-130. A combination of flight
and ground operations was used with the PPS sensor during the deployment. The aircrews
provided feedback on the display and operation and identified items of interest observed in the
data. The sensors were also used for characterizing potential hazardous irradiance levels in the
vicinity of a ground target board used to boresight laser designators. The data from these tests
were used to improve safe operating procedures associated with the laser firings. The right-hand
panel of Figure 5 shows one of the set-ups used to characterize the signal reflections.

LASER

Weak diffuse -
reflaction B ’*’ PPS SN3
PPS Installed on C-130 Ground Target Reflectlon Geometry

Figure S. PPS Sensor Use on 71st RQS Deployment



iv. Rapid Dissemination of PPS Sensor Data
One of the Tricorder program goals was to investigate and demonstrate methods for rapidly
disseminating data collected by operators. Once there are laser illumination characterization
sensors deployed, there needs to be a path for moving data quickly to other parties having a
need-to-know about the incidents. Data sitting in an instrument’s memory or on an operator’s
thumb drive is not adding to the situational awareness or mission planning required by medical
and operational personnel. As one approach to meeting the rapid dissemination goal, SSI
purchased a handheld computer with a wireless networking and phone capability. An application
was written to download data from a PPS sensor through a cable between the devices (see Figure
6). The handheld computer presented a summary of lasing events and allowed the operator to
page through a menu system to look at more detailed displays about the collected data. Figure 7
shows a summary of the data analysis and transmission functions. The handheld computer could
send event summary messages via text messages to other phones and the data files were
transferred wirelessly to a base station which had more processing and display capabilities than
the handheld computer. A demonstration was carried out in which laser events were recorded
and text messages sent out to various AF personnel to make them aware of the incidents. Data
files were then emailed to AF medical analysts for review. This demonstration serves as one
possible mechanism for rapid dissemination of laser incident data.

Figure 6. PPS Data Transfer to Handheld Computer
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Figure 7. PPS Sensor Data Analysis and Transmission on Handheld Computer

b) M4B Sensor Development

SSI developed a prototype sensor to verify performance of key sensor components to be used in
a laser geolocation sensor and to expand the threat space addressed to include low power CW
lasers. These low power lasers are a growing nuisance to domestic, law enforcement and
military pilots because of their capability to distract or temporarily dazzle pilots at night. The
distraction effects can be important even orders of magnitude below the MPE irradiance levels.
Therefore, a significant goal of the M4B sensor is to collect laser signature data below one
microwatt/cm? for visible laser radiation (roughly 3 orders of magnitude below the MPE). As
shown in Figure 8, the M4B sensor has two independent sensor modules, an integrating sensor
that detects pulsed and CW lasers and a pulse-optimized sensor. The sensor was built to be
rugged enough for airborne applications or extensive field use.
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Figure 8. M4B Sensor Description

i. Sensor Performance

In its original configuration, the pulse-optimized sensor reports pulse amplitude, wavelength
estimate (coarse), and pulse characteristics such as inter-pulse interval and pulsewidth binning.
The integrating sensor provides higher accuracy wavelength estimates (+/- 10 nm), angle of
arrival, and amplitude estimates (order of magnitude accuracy), but it is less sensitive and has
lower probability of detection for pulsed lasers than the pulse-optimized sensor. Table 2 presents
specifications for the M4B sensor. The goal of detecting irradiances below one microwatt/cm? at
night was exceeded by roughly two orders of magnitude. It is noteworthy that even at 107
W/cm?, an observer will still report a bright laser signal when their eyes are night adapted. Data
from the sensor is displayed live on a graphical user interface on a laptop computer and stored
for post-analysis.

Table 2: M4B Performance Specifications

Parameter Integrating Sensor Discrete Sensor
Field of View 120° 120 degrees
AOA Resolution 1° N/A
Spectral Range 400-1080 nm 400-1700 nm
Spectral Resolution +/- 10 nm Coarse binning
Pulsewidth N/A Coarse binning
Pulse Repetition Frequency | N/A <1 Hzto5kHz
Threshold Day ~10" W/cm? Same as night
Threshold Night ~10® W/cm? <10 J/em?




ii. M4B Cursor-on-Target Demonstration
The AF/SG office expressed its interest in carrying out a data dissemination demonstration like
what was done with emailing data summaries and data files from the PPS sensor. However, in
this instance, the goal was to move data on a communication network modeled after an actual
military network. In conjunction with the AF/A3 office and the Naval Post graduate School
(NPS), SSI supported sensor modifications and testing of the M4B sensor to display data on
FalconView using a Cursor-on-Target (CoT) data format. NPS had the communication network
hardware and SSI worked with NPS and Mitre to define data fields and the interface to send
sensor data directly from the M4B head to the network. The goal was to have live data displayed
at a “Tactical Operations Center” and archived for later analysis.

While the laser detection capability of the sensor is well understood, there is no standard for
providing data products to medical users. Therefore, SSI defined a set of sensor data products in
the expectation that it would spur discussions with the medical community regarding laser
exposures and standards for reporting. The M4B data products are not represented as being a
final solution to this problem, nor are they the only products that could be generated by the
sensor. To achieve the CoT compatibility and generate the data products put forth in the ICD,
sensor modifications were required as described below.

1) The wavelength and amplitude error bars for the pulse-optimized sensor in its original
configuration are large which makes it difficult to assess the potential hazard caused by
pulsed laser illumination. SSI modified the sensor to provide a data product directly
related to maximum permissible exposure for all laser wavelengths in the 400-1100 nm
band so that a hazard level could be determined and reported in the data. As a
consequence of the modification, the sensor data could no longer be used to estimate
wavelength so the reported range was 400-1100 nm. A second pulsed detection channel
was provided to report eye safe laser rangefinders as an independent message for
situational awareness purposes.

2) A second modification was made to uniquely distinguish pulsed and CW lasing events to
remove ambiguities caused by having the two different sensors reporting on the same
event. Specifically, it was the intention to have pulsed laser events declared by only the
pulse-optimized sensors and the CW laser events declared by the integrating sensor.

3) Data output modifications were required to comply with the CoT format and to reflect the
changes in the sensor data products. The data processing and formatting was all
accomplished in the sensor head to eliminate the need for a laptop computer to be part of
the system. In carrying out this modification, there was no capacity in the M4B to store
its own data so the only data products from the test are those received over the CoT
communication network.

In carrying out the CoT demonstration, there were two tests carried out. The first was a
laboratory test at SSI in which NPS personnel brought a computer that was representative of the
network to which the M4B sensor would be connected. This test provided a risk reduction that
the messages and connections were appropriate and that the modified sensor was still operating
properly. Figure 9 shows a picture of the sensor undergoing laser illumination while connected
to the NPS network. The network computer and display are shown in the right-hand panel of
Figure 9 and the laser event cursor shows up properly on the FalconView map. SSI verified that



the laser icons changed appropriately for different fluence levels reflecting the hazardousness of
the sources. The network connections and software were found to work as expected which
verified the system’s readiness to undergo testing at Camp Roberts with the actual NPS system.

Figure 9. Risk Reduction Laboratory Testing of Cursor-on-Target Hardware

c) 2.3 Geolocation Sensor Development

Under the Tricorder effort, SSI fabricated and tested three directed energy detection sensors with
the capability to determine absolute heading to the source from the sensor’s position. In the
Tricorder statement of work, this sensor was called the Geolocation Sensor and SSI has given it a
designation of M6. The M6 sensor components and performance specifications are similar to
those in the M4B sensor providing time of event, the sensor location and the laser amplitude,
wavelength, laser angle of arrival and pulse characteristics. However, the M6 sensor has
additional components added that provide absolute heading and elevation angle of the sensor
head. Using these data elements combined with the sensor location and the integrating sensor-
derived angle of arrival of the laser source, the system computes a vector with heading and
elevation to the source from the sensor location. How to best use this data is something to be
determined by the application and user requirements. For example, if the sensor is on a ground
vehicle and a laser beam is propagated horizontally to the sensor, the vector derived will be
parallel to the ground and never intersect it. However, for an airborne sensor illuminated by a
ground based laser, the vector computed can be intersected with the ground and the user
preference for what mapping tool (e.g., FalconView) to use needs to be established. Tools to
accommaodate the user preferences will need to be written under a future effort.

i. M6 (Geolocation) Sensor Description
The M6 sensor, shown in Figure 10, is similar in appearance to the M4B sensor since the

integrating sensor and discrete sensor designs are essentially the same. Some upgrades to the
processing capability internal to the housing were made for future flexibility and the housing was
slightly expanded on account of this change. An additional change is that a visible camera was
added to the package to capture live video pictures (~1 Hz) when laser events are being detected.




This added data product will be useful in some situations to help identify from what the source
originated in a visible scene.

Pulse optimized
sensor

Scene capture
camera

Integrating
Sensor

Figure 10. M6 Sensor Description

A new graphical-user-interface was written to display the M6 data in real-time. Figure 11 shows
the display with results from measuring a laser in the laboratory. The data display is similar to
the M4B display in terms of the laser parameters measured. The most significant new capability
is the heading and elevation display which shows the vector to the source from the sensor
location. This data is available because of the new sensors added to the M6 design along with
new firmware to make the relevant computations. Another new feature added is a “history”
display showing summary information about events that have occurred since the program was
started. In this way, if an operator is not looking at the display when an illumination event
occurs, they can still be aware that events have occurred based on the details of the history
display.
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Figure 11. M6 Graphical User Interface

ii. Sensor Specifications
The sensor performance for the M6 sensors is unchanged from the M4B (see Table 3). Testing
of the angle of arrival capability has been limited to ground tests at SSI’s facility. To fully
characterize this capability in relevant environments will require additional testing (e.g., flying
the sensor on a C-130 or helicopter). A need for airborne measurements with lasers illuminating
the sensor will also be essential in establishing baseline geolocation accuracy and this kind of
testing was not able to be scheduled under the current effort.

Table 3: M6 Performance Goals

Parameter Integrating Sensor Discrete Sensor
Field of View 120° 120°
AOA Resolution 1° N/A
Spectral Range 400-1080 nm 400-1700 nm
Spectral Resolution +/- 10 nm Coarse binning
Pulsewidth N/A Coarse binning
Pulse Repetition Frequency | N/A <1 Hzto5kHz
Threshold Day ~10° W/cm? Same as night
Threshold Night ~10° Wicm? <10 J/em?




d) Occupational Health and Toxicology Sensor Investigations

An objective of the Tricorder program was to extend its capabilities to occupational health and
toxicology applications. The goal is to have a capability for sensing toxic elements or species in
air, soil or water samples without having to resort to “wet chemistry” experiments in the field.
Therefore, SSI’s task was to investigate methods for optically or electrically sensing changes in a
detection mechanism that could be carried out remotely or with a distributed direct-contact
sensing network that could be queried by a central processing unit. Our emphasis for this effort
was on detection techniques because the networking aspect of the approach is straightforward
relative to coming up with a novel, reliable way of sensing the targets of interest. SSI’s
investigation was focused on three different techniques: 1) surface attached gold nano particles
with specialized ligands attached to the particle surfaces that would be selective to particular
toxic compounds, 2) Raman spectroscopy for chemically sensing compounds of interest using a
non-contact, remote sensing mechanism, and 3) quantum dots with target molecule specific
aptamers attached to the dots. A summary of the three approaches is given below.

I. Surface Attached Nanoparticles
Previous work by AFRL and UES Corporation demonstrated their ability to prepare solutions of
uniform size gold nano particles using multifunctional peptides to coat the gold particle
surfaces.[1] The peptides stabilized the particles thereby reducing coagulation and provided a
mechanism for detecting the presence of heavy metal ions. Gold nanoparticles exhibit Surface
Plasmon Resonance (SPR) which gives them a characteristic color depending on the particle
size. A shift in the emitted spectrum occurs when the peptides attach to the gold particles and
this new spectrum changes when the solution contains a heavy metal that interacts with the
peptide. This color shift has been proposed as a means for testing water samples for toxic
metals.

For the Tricorder effort, the desire was to come up with either an electrical or optical method to
sense the change in SPR based on detection of the target species. Discussions with UES
Corporation were held to identify possible detection mechanisms and target species. The
selection of toxic metals in water was made as an applicable problem set and one for which the
solution-based nanoparticles had shown promise. Detector samples were purchased from UES
who carried out particle depositions and chemical exposures. The detectors were made up of
polished silicon wafers on which the particles were deposited in a chemical solution.
Fluorescence measurements were made to confirm the presence of gold on the treated surfaces
before shipping the detector samples to SSI.

SSI was responsible for carrying out optical reflectance measurements to determine if the
changes in reflectance were detectable with a stabilized white light source and commercial
spectrometer. Figure 12 depicts the set-up which in which a fiberoptically coupled white light
source was directed at the surface and a spectrometer was used to measure the surface scattered
radiation to try and detect the spectral shift associated with the SPR change. A variety of
reflectance geometries were tested including glancing specular measurements as well as the
diffuse scatter shown in the drawing. As discussed in section 3, the variability in reflectance
between samples exceeded any changes in the spectral signatures associated with exposure to
contaminants.
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Figure 12. Surface Reflectance Measurement Set-up

ii. Raman Spectroscopy
As part of the Tricorder program, SSI investigated the feasibility of detecting specific amide and
amine chemical groups in plants as they are the most prevalent alkaloids which provide
anesthesia properties. The eventual goal of this task would be to build a handheld device that
could be used in the field to quickly identify substances based on their chemical signature using a
non-contact technique. While there are commercial items developed for this kind of species
identification, none of them provide a stand-off capability like that desired for the AF mission.
To support this activity, SSI acquired a commercial spectrometer designed for Raman
Spectroscopy measurements using a 785 nm laser wavelength. This wavelength was selected
because shorter wavelength lasers (e.g., 532 nm), which would be preferred from a Raman signal
generation perspective, create substantially higher fluorescence signals which make the detection
of weak Raman features more difficult. Going to longer laser wavelengths would require using
InGaAs cameras to detect the Raman features which would add significantly to the system cost.
Using a 785 nm laser creates Raman features detectable with a silicon camera technology and it
is a mature diode laser technology which can be obtained commercially with high output power.
These cost and data quality concerns drove the decisions as to which technologies to use for the
signature measurements. Figure 13 shows sample data from two pain killers using the 785 nm
wavelength based Raman system.
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Figure 13. Raman Emission Testing for Chemical Species Detection

iii. Quantum Dot Based Toxicological Sensors
UIC has a history of using quantum dots as chemically selective sensors for biological and toxic
species detection. Quantum dots have the unique feature that they fluoresce in spectral bands
uniquely defined by their size and composition. The quantum dots are made selective to
particular target species by attaching to them aptamers (specially selected biological molecules)
which change in shape when the target species is present. By attaching a small gold particle to
the end of the aptamer, the quantum dot fluorescence can be quenched when the apatmer
molecule changes shape and the gold particle is in close proximity to the dot. This quenching
mechanism provides a means to detect the presence of a target species based on the change in
intensity of the dots (as opposed to a change in spectral characteristics like the gold nanoparticle
surface plasmon resonance). This approach makes a sensor whose selectivity is determined by
the effectiveness of the aptamer in uniquely identifying the target species combined with a means
to determine when the quantum dots have “turned off”.

In the interest of developing a sensor concept for using quantum dots, SSI collected data on
commercially available dots. The spectral characteristics of quantum dots are measureable with
standard spectrometers and the data shown in Figure 14 was collected with an Ocean Optics
spectrometer with a UV curing lamp illuminating two quantum dot samples. For this exercise,
the dried samples of dots were roughly 1-2 mm in diameter and the spectrometer was held close
to the emitters to collect the spectra versus time. Figure 15 shows the stability of the quantum
dot emissions which indicate that signals on the order of 1% different should be distinguishable.
This suggests that having control samples of dots, not modified with the apatamers, to compare
with activated dots should be a viable means to determine when the activated quantum dots have
been quenched. Discussions about a system approach will be presented in the Results and
Discussions Section.
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‘ 4. Results and Discussions

a) PPS Test Results

The PPS sensors were used on airborne and ground based tests during this program.
Domestically, the sensors were used on controlled tests in which the sources and test conditions
were known. On the 71* Squadron tests overseas, the conditions were less understood and



controlled, but they provided valuable feedback on how the operators would use them and
respond to the displays. Details about major test results are provided below.

i. 3.1.1 Field Test Results
The PPS sensor was tested at Fort AP Hill on December 21, 2009 using a laser designator to
illuminate the sensor from roughly a 1 km range. The sensor correctly identified the irradiance
levels as hazardous and displayed the “Use Countermeasure” message indicating that laser eye
wear would be effective in protecting the sensor operator. The sensor operator walked over the
available path (deep snow precluded a driving test) while being tracked by the laser to
demonstrate the sensor’s ability to log sensor location during the illuminations.
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Figure 16. PPS Data from Fort AP Hill Test

SSI also loaned the sensor to Air National Guard personnel in Tucson, AZ to operate the sensor
in a C-130 during a flight test involving laser illuminations of the aircraft. The PPS sensor was
operated for sorties involving CW and pulsed lasers and the sensor correctly identified the pulsed
laser events and did not respond to the CW illuminations. This experience further demonstrated
the sensor’s utility for rapid alerting of aircrews regarding potentially hazardous illuminations.

ii. 3.1.2 71 RQS Deployment
Two PPS sensors were loaned to the 71% Rescue Squadron from Moody AFB to operate them
over a 5.5 month deployment to Africa. The sensors were flown on C-130s and used for ground
operations. In airborne operations, the pilots correlated PPS hits from a laser ceilometer as well
as other assets in the base vicinity. However, given the scarcity of laser illumination events in
that region, SSI recommended the 71% personnel locate areas where routine laser testing might
be taking place and deploy the sensors there for additional practice. The 71% personnel were able




to find a location on the base grounds where routine laser operations occurred. SSI iterated with
the 71% personnel to develop measurements that could be useful from a range safety perspective.
Specifically, the sensors were operated in a variety of positions near and behind the target board.
The measurements did not detect any firings missing the target board (which would be of
considerable concern for ocular hazards). However, measurements of reflections from the target
boards did indicate potential hazards existed. The results were presented to the laser operators
and their commanding officer which led to changes in the range operations to better control the
area and ensure personnel safety, a feat the 71°' personnel viewed as an excellent outcome for the
deployment.

A variety of lessons learned from the activity were reported by the 71% personnel. First, the
operators indicated that the display was easy to read and the indications were easily identified.
However, they expressed that the display needed a “night mode” to reduce the intensity and
make it more compatible with night vision goggles. There was also a strong desire for
directional information to indicate the location (even quadrant) of the event to help identify the
source location. Nevertheless, having the live indication of laser energy was found to be
extremely useful and informal conversations with the 71% personnel showed that there will be a
need for guidance to operators regarding what should be their response when the sensors indicate
the presence of incident laser energy.

b) 3.2 M4B Test Results

The M4B system served a variety of useful functions throughout this program. First, it was used
to validate the sensor performance for the design that was to be used in the M6 geolocation
sensor. As summarized below, the sensor performance met all expectations and provided the
sensitivity needed to characterize and determine angle of arrival even for very low power CW
lasers. Second, the sensor was used for automatic cueing of an imaging sensor to demonstrate
the real time threat characterization and the ability of the system to be used in conjunction with
other countermeasure techniques. Finally, the sensor was modified again to output data directly
to a network connection in the NPS COT demonstration. In all three cases, the instrument served
a useful function and provided important lessons learned that impacted the geolocation sensor
design.

i. Sensor Performance Test Results
The M4B sensor was operated in indoor and outdoor environments to characterize its
performance in terms of sensitivity, spectral range, wavelength resolution, field of view, angle of
arrival accuracy, event timing accuracy, and amplitude measurement. Figure 17 shows sample
data collected by the sensor in an outdoor collection in which the sun was in the sensor field of
view. A CW green (532 nm) laser pointer was directed at the sensor and the amplitude and
wavelength were measured continuously as the sensor was scanned throughout its field of view
(120 degrees). Figure 17 shows that excellent wavelength data was collected even in the bright
solar background and the amplitude distribution (broadened by atmospheric scintillation) was
consistent with the low power level incident on the sensor.
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Figure 17. M4B Wavelength and Amplitude Measurement Results

ii. Automated Cueing Demonstration
In discussions with potential sensor operators, an interest was expressed in being able to capture
images of laser perpetrators to identify their location, vehicle or other clues to apprehend and
counter them. High resolution imagers capable of providing this kind of detail are narrow in
field of view and unlikely to be pointing in the proper location to provide this kind of data.
Furthermore, some lasers of interest are not visible, so the operators may not know that lasers are
being fired based on visible pictures alone. Given this interest, SSI carried out a demonstration
of the M4B’s ability to automatically cue an imaging sensor on a pan/tilt head to a specified
location to identify the source of laser radiation. The sensor identified the laser radiation and
sent a message to the pan/tilt controller which was co-boresighted with the sensor so that
incidence angle messages would be in a common coordinate frame. Real-time cueing could also
be used to switch protective filters, shutters or warning messages to provide protection and
situational awareness to personnel or cameras put at risk by the exposures.




iii. M4B Cursor-On-Target Test Results
The M4B sensor was operated at Camp Roberts on September 13, 2011 for the CoT test with
NPS. Figure 18 shows the front of the sensor as well as a view from behind the sensor looking
towards the laser site. Two laser sites were used for this test, 845 meters and 310 meters. The
longer range site was used with the special operations forces laser aided marker (SOFLAM) and
both a CW red laser and the SOFLAM were operated from 310 m. NPS operated the
communication network and provided the SOFLAM source. As mentioned previously, the M4B
sensor was modified to output laser characterization answers directly to the NPS network so the
data would be displayed on the FalconView maps and be collected at a remote site that
represented a tactical operations center. Figure 19 shows sample results from the test in which a
laser icon is viewed on the FalconView map and the data contained in the message is displayed
by clicking on the icon. The sensor correctly characterized pulsed and CW lasers under the
limited test matrix possible for this test. The goal of transmitting data over the network was
successfully accomplished both locally and at the remote operations center where the data was
archived for later analysis. This test proved the approach of having live feedback and remote
analysis of data products from DE sensors.




Figure 18. M4B Sensor at Camp Roberts for COT test
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Figure 19. Sample Data from CoT test

c) M6 Sensor Results

The M6 sensors were tested in a combination of laboratory and outdoor performance tests at SSI.
Figure 20 shows the three systems undergoing laboratory testing on a pan/tilt mount at SSI.
Table 4 presents tests that were carried out with the sensors.




Figure 20. M6 Sensors Undergoing Laboratory Testing

Table 4: M6 Performance Summary

Test Meets Performance Goal

Field of view v

CW Sensitivity v
Pulsed Sensitivity v
CW Wavelength Range v

(spectral resolution)

Pulsed Wavelength Range v
(spectral resolution)

Time Tagging v

Pulse Repetition Frequency v

Sensor Position 4

v

Heading and elevation angle




d) Occupational Health and Toxicology Sensor Results

All of the occupational/toxicology detection techniques investigated under this program had
shortcomings which made their implementation in a handheld “Tricorder” device impractical. It
is important to emphasize that the fundamental techniques themselves showed promise, but they
will require more investigation or a modified approach to make them practical for a handheld
instrument as discussed below.

I. Surface Attached Nanoparticle Results
SSI carried out fluorescence measurements of the bulk solution nano-particles to verify the kind
of findings reported by UES. Figure 23 shows spectral transmission of the bio-functionalized
nano-particle detectors after contamination by various metal species. The contaminant
concentrations for these measurements were on the order of milli-molar which, though high,
were used to verify the basic properties of the bulk nano-particle response. The shift in the
surface plasmon resonance (SPR) is evident and the variation in spectral shift might be
exploitable to allow identification of particular toxic metals. It is also likely that having
multiple types of bio-functionalized detectors would improve the ability to deduce elemental
impurities based on having multiple spectral shifts to analyze.
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Figure 23. Ratio of One Silicon Wafer Blank to a Second Blank (no Nano-Particles)

UES used an approach to attach a self-assembling monolayer (SAM) on the silicon wafer and
created the nano-particles in solution with the intention of developing bonds between the
monolayer and the particles. UES tried different concentrations and structures of the monolayers
and provided the samples to SSI to try and detect SPR and shifts associated with exposure to
contaminants. SSI tried several geometries with the wafers and compared reflectance



measurements at near grazing incidence to normal reflectance. The overall conclusion was that
the SPR observed in the bulk solution could not be observed on the surface samples. Figure 24
presents spectra for one of the self assembled monlayers samples in which the silicon wafer was
exposed to mercury (Hg*) which had created a SPR shift in the bulk solution. The top two
panels are the measured spectra for a liquid contaminant droplet on the surface and the right hand
panel is the same sample after the droplet had evaporated. The roll-off in amplitude at the ends
of the visible spectrum are due to the lamp’s spectral emission. The lower panels are the same
spectra divided by the spectrum created from the same wafer in the same position prior to the
contaminant exposure. This type procedure was used throughout the measurements, although
variants were used to try and improve the results. For example, comparisons were made using
the average of multiple sample orientations or using a consistent blank spectrum for all samples.
SSI also used two different lamps to ensure that lamp intensity variations were not a cause of
variations in the data. We had similar results using a NIST-traceable, current stabilized tungsten
lamp as we did with the commercial white light source used for most of the measurements.
While the lower right hand panel suggests a possible spectral feature, the results were not
reproducible and could be created from other procedures. For example, Figure 25 shows a
similar spectral feature for a blank sample that did not have nano-particles on the surface. SSI
found that features that were suggestive of SPR were not reliable and concluded that more
research at a fundamental level would be needed before this approach could be considered for a
prototype development.
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Figure 24. Raman Spectra of Known and Unknown Samples

ii. Raman Spectroscopy Result
SSI carried out measurements with a Raman spectrometer to establish an experience base that
would be used to evaluate potential system concepts. The focus of the effort was on whether it
was practical to develop a portable Raman instrument capable of detecting and characterizing
substances from some 10s of meters away. Portable Raman systems are available commercially
and can be used for point measurements essentially in contact with the sample of interest. SSI
carried out measurements with leaf samples for characterizing possible alkaloids indicative of
anesthetic-like molecules as well as powder samples typical of explosives. The working concept
discussed with the Air Force was that a bio-environmental engineer would have responsibilities
to identify potentially hazardous or dangerous substances and that a portable chemical species
identifier would be a valuable addition to a medical kit.

Sample measurements with powder substances are shown in Figure 26. For this data collection,
known substances (ammonium nitrate, ammonium phosphate, urea) were characterized with the
spectrometer and a sample of yard fertilizer was measured as an unknown. As seen in the figure,
there are a sufficient number of spectral features to help identify the composition of the



unknown. However, a strong fluorescence from the unknown material contributed to the overall
spectrum. This kind of emission is common to many of the plant measurements made by SSI it
was typically the case that the fluorescence was so strong that no features could be detected.
This result indicates that it would be advantageous to use a longer wavelength laser to reduce the
fluorescence. Unfortunately, this path leads to using an InGaAs camera for the Raman feature
measurement which leads to a more costly and cumbersome sensor design. For the powder
substance measurements, SSI concluded that the power levels needed to obtain adequate signal
to noise from a distance of 10’s of meters would be eye hazardous to personnel without
protective eye wear. Since the operational concept for the device would require using the device
around unprotected personnel, it was dropped as a Tricorder approach for the purpose of this
program. The approach of using higher power eye safe lasers (1.55 microns) and InGaAs
camera arrays to detect the Raman features was leading to a cumbersome and very expensive
solution that was also rejected for the purpose of this program.
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Figure 26. Image of Commercial QDs on Filter Paper Illuminated by UV Light

iii. Quantum Dot Results
The functionalized quantum dot (QD) sensors can make for an intriguing sensor design. Because
the quantum dots change their emission state upon contact with the target species, a strictly
radiometric approach can be used for identifying dots that have had a detection. This makes for
a simpler design than one that requires a spectrum to be measured such as the surface plasmon
resonance sensor with the gold nano-particles. The selectivity is based on the unique aptamer-
target interaction and the sensor only needs to identify which samples of dots have changed.
Figure 25 shows the concept of a sensor using a matrix of QD samples to multiplex a variety of




detectors in a single device. In this approach, there would be samples that were control dots with
no aptamers to serve as intensity references for the others. In this way, changes in lighting
characteristics or contaminants on the surface of the sample being tested (dust layer) would not
lead to a misinterpretation of the functionalized radiant emission.
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Figure 25. Concept for Using Grid of Functionalized Quantum Dots to Identify Multiple Target Species

SSI carried out an experiment to verify that an imaging approach could measure stable intensity
levels from small QD samples. Commercially available QD samples were placed on filter paper
and illuminated from the side using a UV curing lamp. The samples were imaged with a digital
video camera using a microscope objective as a collection lens. Figure 26 shows an image of the
sample and a background region. The radiometric signal from these areas was integrated and
differenced to provide a measured QD signal versus time. Figure 27 presents the intensity versus
time for the measured emission which shows that it is very stable and could be used for
determining small intensity changes if compared to a reference. This conclusion shows that an
imaging approach can be used to monitor the emission status of QD samples and a matrix of
samples would allow simultaneous screening for a wide range of species with a very simple
instrument. The sophistication is in the aptamer design and its selectivity and sensitivity to the
target species. This chemistry aspect of the investigation was handled by UIC and the
conclusions of that activity are presented in a separate volume.



® Mean emission normalized to ' 09 Normalized Emission vs. Time
unity for convenience

*  99% confidence region lies within 1.015¢

+/-1% of mean signal level 101} . - o
*+ Other potential noise factors § 1 005
include UV lamp stahility, camera §
thermal noise, etc. g
g 0.995+

Conclusion:

99% confidence

0.9%
Signal level is sufficiently stable that
contrasi-based detection schemes

should have merit 098 . ‘ .
0 20 40 60 80 100

sec

0.985-

Figure 27. Intensity vs. Time of Small QD Samples as Measured by Imaging Camera

‘ 5. Conclusions

SSI has fabricated and tested directed energy detection sensors suitable for characterizing pulsed
and CW laser illuminations. Five PPS sensors were fabricated and delivered. These sensors
were used in domestic and overseas ground and airborne tests and have elicited positive
responses and lessons learned from operators regarding features and characteristics that are
desirable from an operational perspective. The M4B sensor was effectively used to characterize
low irradiance CW and pulsed lasers in laboratory and outdoor testing. The M4B served to
prove the sensor approaches to be used in the M6 sensor which is designed to provide data for
geolocating threat laser locations. Three M6 sensors were fabricated and tested in laboratory and
outdoor tests and the sensor performance was consistent with expectations. The ability of the
system to provide absolute vectors to the source origin was tested in ground sensor tests and will
need additional flight test demonstration in the future.

Data dissemination techniques were investigated and proven in the program as well. Data from
the PPS sensors was captured transmitted to a handheld computer for initial analysis. Summary
threat messages were transmitted from the handheld computer by email to government personnel
and the data sets were sent wirelessly to a work station for further analysis. An alternate real-
time dissemination approach was implemented using the cursor-on-target protocol and a
military-like network provided by the Naval Post-Graduate School. In this test, the M4B sensor
firmware was modified to transmit threat data directly from the sensor head on to the network in
a CoT-compatible format. Threat icons and data summaries were displayed on FalconView
maps and the data was transmitted over the network to a ground station representing a tactical
operations center. This demonstration proved the ability to collect laser threat data and transmit
it in real time to users with a need for the information.

SSl investigated alternate detection approaches for occupational health and toxicological species
monitoring. The use of surface deposited gold nanoparticles did not appear promising because
of the variability in the reflected spectral signature. The surface Plasmon resonance features
seen in bulk solution were not identified reliably in the samples available from UES Corporation.



SSI also investigated Raman spectral signature collection and concluded that for the remote
sensing application (targets at 10s of meters away), it was likely that eye hazardous lasers would
need to be used which conflicted with the operational use ideas for the medical community.
Finally, SSI investigated sensor ideas for toxicological monitoring using functionalized quantum
dots which change emission state when the target species is present. SSI concluded that an
inexpensive and simple sensor can be fabricated using imaging sensors once the quantum dots
are shown to have the proper selectivity and sensitivity to meet the toxicological monitoring
requirements. This part of the research is presented under separate cover by UIC.
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H. Sociotechnical Evaluation of the Tricorder

| 1. Summary

The social and technical concerns surrounding the use of any handheld device affect the ability
of an end user to successfully use such devices in the field. The Tricorders (a health care
technology) described fully in Chapter 3, detect laser radiation and might be used in a variety of
CONOPs. Q-methodology was chosen to study the technical and the operational features of the
Tricorder; focus groups and published literature were used for early instrument development.
Through a number of Q-sort studies with civilians and air force personnel, features for future
development of the Tricorder were identified. Some will be easy to deploy. Some will be
challenging as a number of technical features were identified that are sufficiently controversial
such that direction from the Air Force will be needed to make decisions to inform future
development direction. Regarding the operational aspect of the data to be collected from the
Tricorder, a significant diversity of opinion exists. In light of this diversity of opinions, careful
planning and evaluation will be necessary during deployment of this technology, or the
competing views could reduce acceptance of the technology in situ.

| 2. Introduction

The technical “correctness” of the Tricorder—it identifies what it should identify, when and
where it should be identified—is only one component in the development of the Tricorder
(which is described in Chapter 3). Sociotechnical aspects of the environment in which the
Tricorder was to be used had not been identified during the technical discussions surrounding its
development. There had been some discussion about who will use it, although this was broadly
defined as “multiple user groups.” This aspect of the research program sought to further define
these user groups, to determine the sociotechnical issues that would enhance technology
acceptance with each Aspect of the Tricorder project, and generate procedures to address
sociotechnical issues in the future.

| 3. Methods, Assumptions and Procedur es

a) Building the Research Instrument

The project began with a review of the literature regarding people and organizational issues
surrounding health information technology (HIT). Information systems analysis (evaluation)
methodology literature was included. Multiview, a method of information systems analysis, was
identified, and literature located for potential adaptation to the Tricorder evaluation [1]. Another
common framework for evaluation of HIT was also considered, developed by Harrison et al.,
exploring how technology affects and is affected by its social and operational environment [2].

Q-methodology [3, 4] was chosen for the evaluation given its ability to solicit a diversity of
opinions among multiple users to reflect the multiple applications of the Tricorder device as it
developed [5]. For a full description of the application of Q-methodology, please refer to the
civilian report and the journal article [6] in appendix.

While the DE threat has been known for some time [7-23], the emerging nature of the threat to
members of DOD necessitated a series of focus groups with members of the Air Force Air
Combat Command, Air Medical Command, and Special Operations Command. The focused



discussion of DE threats produced over 20 pages of notes during two focus groups, which were
analyzed to build the draft research instrument for the Q study. The individual statements and
observations were first collated by theme. These observations and focus group statements were
augmented with information collected from literature. Statements with similar themes were
merged; a consistent picture of themes emerged with two different areas: 1) the technical features
of the Tricorder, and 2) the operational aspects of the Tricorder. Two different Q-sorts were
created--operations and equipment--each with 34 statements. Conditions of Instruction were
developed.

The Condition of Instruction for the equipment Q-sort was:

Which issues would be Most Important or Most Unimportant to you concerning devices
or equipment issued to you for detection of lasers (DE)?

The Condition of Instruction for the deployment/operations Q-sort was:

Which issues would be Most Important or Most Unimportant to you when you are
operating in an environment having a known or anticipated high probability of directed
energy activity?

A third Q-sort was created with a separate Condition of Instruction about operational planning;
however, during the contract period, the operational planning Q-sort was never performed due to
the lack of research subject availability.

b) Validating the Research Instrument

In research, triangulation is one mechanism used to validate research instruments. This study
completed triangulation through 1) seeking confirmation of concepts obtained from focus groups
in the literature; 2) seeking out subject matter experts for additional insight; and 3) piloting the
instrument with a sample of potential research participants and followed by a cognitive
interview. Circumstances beyond the researchers’ control prohibited the use of potential
research participants; however, subject matter experts were identified who did assist in validating
the draft instrument. Some statements from end users could not be validated by external sources
(ruggedization for example, which is important to some end users). Such statements would not
be in published reports, unless the report was about the failure of equipment in battle.

What follows are the instances of publicly available information on DE (with reference to the
statements within the Q) that were used to validate the Q statements. Note: Condition 1 refers to
Operational Planning; Condition 2 to Deployment/operations; and Condition 3 to Equipment.

e Medical Encounter Forms. After reviewing the presentations for the Heritage
Foundation conference(25) on Directed Energy at
://www.heritage.org/Press/Events/ev021306a.cfm, one presentation mentioned the Air
Force procedure regarding incidence reporting of Directed Energy exposure. Upon
exposure to DE, an incident report is created and filed, similar to the FAA policy. While
most of these reports are likely classified, Q-sort opinion statements reflect the DE
environment based on these conference presentations.

o Validation of Condition/Statement: Operations: Statements 2,5,7,32,34;
Equipment: Statement 11




Laser Blinder. Another interesting unclassified report came from Janes.com, “Chinese
Laser 'Blinder' Weapon for Export™ at (://www.janes.com/articles/Janes-Defence-
Weekly-95/CHINESE-LASER-BLINDER-WEAPON-FOR-EXPORT.html). In 1995,
several different arms shows demonstrated the ZM-87, which was specifically designed
to blind the adversary. Subsequent outrage and international treaties now prevent devices
specifically designed to blind soldiers.
o Validation of Condition/Statement: Operations: Statements 2, 5, 7, 8, 11, 13,
23, 24, 26, 28, 32, 33, 34; Equipment: Statements 7, 9, 10, 11, 14, 17, 29
Effect of Directed Energy on Pilot Approaches. FAA Study at
(://www.faa.gov/library/reports/medical/oamtechreports/2000s/media/0409.pdf. [11]
This study of directed energy on airplane landing approaches and pilot reaction had
application to the Q-sort. The laser energy was low enough to cause no damage to the
pilots in the simulators; however, at the level of 50 uW/cm?, 26% of the landings were
aborted. This demonstrates how directed energy, while not contributing to injury, does
distract concentration in complex tasks. Another article [7] talking about its effect on
pilots is “Aussie laser-pointer dazzle attacks on airliners: Bad” at
://www.theregister.co.uk/2008/04/03/australian_airliner_laser_attacks/.
o Validation of Condition/Statement: This concern is reflected in Operations:
Statements 7, 12, 11, 22, 23; Equipment: Statements, 5, 6, 7, 16
Economist Articleat
://www.economist.com/science/displaystory.cfm?story id=12502799) [12]. Zeus is
designed to disarm IED from a safe distance. While this article discusses the purposes of
Zeus, it also mentions the Laser Area Defense System (LADS), providing protection
from incoming shells and small rockets, and the Airborne Laser (ABL) that, when
mounted on a 747, is designed to intercept large ballistic missiles. From the general
descriptions of the DE items, both deployed and to be deployed, the focus group concerns
were confirmed.
o Validation of Condition/Statement: Operations: Statements 3,5,10,11,13,15,
21, 22, 32, 33, and 34; Equipment: Statements 7, 10, 13
Directed Energy Weaponson the Battlefield: A New Vision for 2025, authored by
John P. Geis Il, Lieutenant Colonel, USAF [24]. The report claims that currently no
pulsed weapon has been deployed in the battlefield. This paper was written in 2003, so
the environment may have changed. Though not specifically validating any one
comment in the Q-sort, the calculations and the future vision of the threats and
opportunities do raise the stakes in the race for portable detection of Directed Energy.
B.E. Meyes GLARE GBD3C or GLARE MOUT at
://www.bemeyers.com/index.php?option=com_product&catid=1&id=11 [25]. A product
on the market that is designed as a long-range visual deterrent laser device and a primary
non-lethal laser dazzler. While laser dazzlers are intended to warn or hail without
causing damage, the specifications of the devices helped validate some of the statements.
o Validation of Condition/Statement: Operations: Statements 7, 8, 9, 10, 21;
Equipment: Statements, 7, 9, 10, 11, 13, 14, and 32
Unconfirmed Eye Damage at
://www.forecastinternational.com/archive/eo/e012338.htm [8]. This is the original
citation referred to by a number of other studies. The threat of eye damage caused by
lasers was spotlighted in April 1997 when a US Navy intelligence officer sustained a




retinal injury consistent with exposure to an Nd-YAG laser. The suspected source was
the nearby Russian freighter Kapitan Man, but evidence was inconclusive.
o Validation of Condition/Statement: Operations: Statements, 7, 8, 9, 11;
Equipment: Statements 10, 11, 14

c) Implementing the Research

A list of existing Q method software and hardware requirements was sent to the Air Force to
begin the discussion about hosting the online Q-sort. The research instrument was loaded into
Flash Q—software for online Q-sorting. The Flash Q software was beta tested. All visible
coding errors were corrected. Due to circumstances outside the scope of contract, triangulation
and validation of the research instrument with Air Force Personnel themselves proved infeasible.
Permission to engage non-air force personnel was received and the necessary paper work filed.

The researchers approached the FBI as a surrogate users group, with no success. Following
unsuccessful research subject recruitment within the FBI, surrogate users (pilots, paramedics,
police officers, and first responders) were identified with whom to conduct the study. A draft
IRB application was created for submission, describing a different source for research subjects.
Revisions to the Q-sort were made, making it relevant to homeland security personnel. The UIC
Internal Review Board (IRB) exemption was granted. Emails were sent out to pilots,
paramedics, police officers, and first responders. After repeated outreach, a dozen responses
were obtained from among the pilot study participants.

Following the Q-methodology study with civilians, outreach to the Air Force recommenced. A
proposed amendment to the IRB to permit face-to-face Q-sorts was delayed in submission until
the physical location of the next Q-sort was determined. Following significant numbers of
meetings and approvals, the 183rd Air National Guard Unit in Springfield, Illinois, agreed to the
researchers conducting a study at that location. Appropriate research permissions were required
from both UIC and the Air Force. A new UIC IRB was submitted that reflected the change in
research protocol. Permission was requested of the Air Force and granted, and the research was
assigned Air Force Survey Control Number USAF SCN DAFSG10-073. The new pre-test, post-
test protocol was to administer the operations and equipment Q-sorts prior to a briefing about the
equipment, brief the research subjects about the Tricorder equipment, and then administer the
same Q-sort about the equipment to the subjects.

Traditionally, Q-sorts are done manually face-to-face, with statements on small slips of paper,
using a paper grid. With the understanding that future studies may have required hosting Q-sorts
on computers face-to-face, we reviewed the Dell Mini 10 Netbook computer as an option. The
screen resolution was too small to conduct the Q-sort. Laptops, owned by the department or
rented by the department, remained the digital method available to conduct face-to-face
computerized Q-sorts. The Flash-Q software was refined. Ultimately, laptops were rented to
support Q data collection at the 183rd National Guard Unit in Springfield, Illinois. Paper
versions of the Q-sort were prepared as backup if problems arose with the computer contract,
software, or other technical difficulties. The Q software was modified in accordance with the
revised research protocol that had been approved by UICs IRB.

Additional contacts with the Air Force about new user groups were planned as follow-up to leads
from the Scientific Review, AMIA conference, and meetings with Richard Preston of SSI, a



member of the research team. Dr. Preston provided Point of Contact information for Moody
AFB. The IRB amendment process now reflected this change in protocol. A new Survey
Control Number (SCN) was requested from the Air Force for the modified protocol as the
previous SCN had expired, and some language had changed due to the delivery method of the
proposed protocol. As the research subjects now to be recruited would already have exposure to
the device, the pre- and post-design was no longer appropriate. The individuals would only
complete the operations Q-sort and equipment Q-sort, and they would do it using traditional
manual methods.

The support letter from the contracting officials was received, and the IRB approved protocol
was submitted for amendment. The IRB approved the new site for the Q-study, a modified cover
sheet was created, and the Q-sort was mailed to the individuals associated with Moody Air Force
Base Rescue Squadron.

| 4. Resultsand Discussions

a) Civilian Study
A total of 12 respondents completed the Q-sort for the equipment and 9 respondents completed
the Q-sort for operations. The self-reported job titles (more than one title was allowed) for the
12 respondents were: police officers (3), pilots (6), first responders (3), paramedics (2), and
unknown (1). Eight subjects had military experience. Three confirmed, four denied, and five
did not know their DE exposure status. The data were loaded in PQMethod 2.11 [26].

Factor analysis revealed four “stories” from the equipment responses and three stories from the
operations responses. All of the stories were statistically significant. For an overview of the
factors, see Figure 1. The nine respondents for the operations Q-sort factored into three groups:
1. I View my Job within a Context of a Mission; 2. | Want to be Safe; and 3. Where isthe DE
Coming From? (See appendix for more details about the individual factors.)



1. Device needs to work
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Figure 1. Factorsthat emerged from the equipment Q-sort in the civilian population.

The significant finding, through detailed analysis of individual responses of both the equipment
and the operations Q-sorts for the civilian population, was that individuals, although having
similar opinions about what features they desired, had differing opinions on the intended use of
the device. When deploying devices, the multiple combinations of features on uses makes
training more challenging.

b) Air National Guard Sudy

The Q-sort data were clustered using the software program PQMethod 2.11. Three factors
(opinion groups) were uncovered for the operations Q-sort, equipment Q-sort pre-briefing, and
equipment Q-sort post-briefing. The individuals did not align based on job title. In the two
equipment Q-sorts (pre- and post-), a negative factor was uncovered. Individuals who align
negatively hold the complete opposite opinion of those who align positively. Upon additional
analysis, correlation between all of the equipment factors was minimal. Additional factors
emerged from the data; however, only single individuals aligned to each of them. Future
research is warranted to explore if others agree with these opinion groups.



i. _Pre-Briefing
From Figure 2, three factors were revealed from the 29 individuals who responded to the Q-sort.
Twenty-three individuals loaded onto three factors. One factor was bipolar, meaning one person
believed the exact opposite of the other individuals. The factors were: Ease of Use, High
Reliability and High sensitivity, Tactical Efficiency, Where am | & Do Others Know, and

Special Ops Perspective.

Equipment Pre Briefing

High reliability,

Anere am1 &
ere am| &\
do others know

/{pejc_iaT W
Perspective
N

Figure2. Air National Guard Equipment Pre-Briefing Factors. The number isthe number of individuals
who loaded onto the factor.

ii. _Post-Briefing
In the post-briefing Q-sorts (Figure 3), three factors were revealed, with one bipolar factor. The
factors were: Medical Care & Alert, Tactical Efficiency, Works in Hostile Environment, and
Alert & Fix. Tactical Efficiency was essentially the equivalent response pre- and post-Tricorder
briefing in that the briefing demonstrating the desired features did not modify opinions post-
briefing. The other factors, Medical Care & Alert, Works in Hostile Environment, and Alert &
Fix, appeared modified by the briefing, as the post-briefing opinions of the respondents were
different than the pre-briefing opinions.
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Figure 3. Air National Guard Equipment Post-Briefing Factors. The number isthe number of individuals
who loaded onto the factor.

Of the 27 individuals who answered both the pre- and post-equipment surveys, seven individuals
retained their opinions following presentation of the Tricorder device under development. Of the
27 individuals who responded to both the pre- and post-briefing, 13 individuals remained on
similar factors (Medical Care & Alert Notification was similar to Ease of Use, High Reliability
and High sensitivity, although not identical). Of the seven individuals who did not change their
minds, three of them were medics. Otherwise, neither job title nor exposure to directed energy
revealed any information as to why the individuals loaded on any one factor.

¢) Rescue Squadron Field Study

A total of four responses were received from the individuals who spent three months with the
Tricorder. A preliminary analysis was performed with the four responses, and the research
subjects at Moody Air Force base were invited to provide additional feedback to the research
team. Drs. Boyd and Valenta and Melissa Naiman traveled to Moody Air Force Base for a
follow up debriefing of Tricorder Q-results with those who had completed the Q-sort. The data
had been submitted anonymously; thus, neither the researchers nor the research subjects could
tell who said what. Multiple perspectives had been found, and the research team wanted to
explore reasons as to why Q-sorters would respond in the manner identified through correlation
and factor analysis of the data. The meeting resulted in the clarification of a number of
statements in the research instrument.

e The end users specifically requested the Tricorder limit the amount of incoming sensor
information to just minimum levels needed for decision-making and let the rest to be
recorded for later.

e They were interested in its detecting safety issues like: irritant present (and what do | do
about it), protective equipment works, dangerous exposure levels. They feel undertrained
about the issue of directed energy.

e They were concerned about its sensing the direction from which the threats were coming.



e They envisioned the display to summarize the data for potential to be hurt and time to
damage. Exploring this further, the concept of am | hurt was expressed NOT as a selfish
concern, but they wanted to know if they could continue to perform their job.

e Having too bright a display could affect their ability to view with the night vision

goggles.
e They want something comfortable to wear or to mount on the exterior of the plane.

d) Air National Guard and Rescue Squadron Field Combined Data

Further insight was sought through a process in Q that allows the combination of data over a
series of Q-sorts. Combining data in this fashion increases the number of individuals who might
load on each factor, reducing the potential for misleading results from having too few individuals
in the study data.

Equipment

Features to detect
threat and enhance
care (4)

Features that
measure
exposure (8)

Features for

medical care
continuum (3)

Features enhancing

laser detection/
response (5)

Features for Night Vision
& Ease of use (4)

Figure 4. Equipment Q-sort Factorsfrom the Combined Q-sortsof Air National Guard and Rescue
Squadron. Thenumber isthe number of respondentswho load on each factor.

Features to enhance
combat medicine(3)

When the equipment Q-sorts from the post-briefing of the Air National Guard were combined
with those of the Rescue Squadron Field Study, six factors emerged (see Figure 4):

(1) Features that measure exposure;

(2) Features to detect threat and enhance care;
(3) Features enhancing laser detection/response;
(4) Features for night vision & ease of use;*

(5) Features for medical care continuum; and
(6) Features to enhance combat medicine.

In the combined factor analysis, all four responses from the Rescue Squadron loaded onto factors
for both the operations and equipment factors. The asterisk* symbolizes the two factors on
which the Rescue Squadron individuals loaded. (See appendix for presentation to TSRL for
additional details.)



Due to the wide-ranging nature of the use of the Tricorder, a variety of different feature sets
resulted. Some future design challenges relate to the expressed desire to measure the total
amount of exposure. This is unique compared to the current prototype Tricorder display, which
only shows the instant exposure levels and cannot currently handle the possibility of a number of
different wavelengths. The highest ranking feature was "Detect in all directions.” Currently, the
device only detects a span of 120 degrees; given that the Tricorder’s original focus was on eye
protection. Users state they do not want to physically turn around to detect laser activity nearby.

Comparison to the Civilian population revealed little overlap in features requested, having a
correlation of .64 between the different factors.

Combat/itactical
Concerns (3)

Implications
to individual (6)

Force Health
Protection (3)

Concern
over Health
Effects(7)

Theater/tactical
concerns(3)

Figure5. Operations Q-sort Factorsfrom the Combined Q-sorts of Air National Guard and Rescue
Squadron. The number isthe number of respondentswho load on each factor.

When a total of 29 responses to the operations Q-sort were merged between the Air National
Guard and the Rescue Squadron, five factors were revealed (see Figure 5). Twenty-two
individuals aligned on the five factors. All four individuals from the Rescue Squadron aligned
on two of the factors. This suggests that the way these two groups would use this Tricorder data
is completely different, based on their differing points of view. The operational concerns reveal
a very complex picture (see TSRL presentation in appendix for more details and Table 1). As an
example of this complexity, ”whether I can finish the mission” is rated Most Important in only
one factor, not all five factors. During the Moody AFB debriefing, the concept of finishing the
mission was not deemed important “since you know it will be finished.” This unwritten
understood goal by all military personnel of the importance of finishing the mission could
confound interpretation of this statement. Similarly, some factors were more concerned about
whether or not they were hurt. In debriefing, the concern raised was whether they could finish
their task, not whether they were hurt. This provides further evidence of the benefit of focus
group follow-up to explore intent. The wide-ranging selection of statements about the
operational use of this technology suggests the need for a more refined operational description
for the purposes of training and evaluation.



Tablel. Most Important Individual Statements Across Factors. On ascalefrom +3to -3, where +3
isMost Important.

Concernfor Combat/ Force Theater/ Implication
health tactical health tactical  to

Concerns protection concerns individual

Whether | am exposed 2 3 2 1 1
or not

Whether | am hurt or 1 3 2 3 3
not

Whether | am protected |1 2 0 3 3
or not

Whether my co-worker’s | -1 0 3 0 -1
position wasrevealed

| have exceeded my MPE | 3 -1 3 3 -1
(maximum permissible
exposure)

Health effects of short 3 -1 -1 0 0
intense exposure

Whether | can finishthe |0 3 1 0 1
mission

Whether | still have 0 0 -3 -2 3
sufficient infor mation to
react

Confidencein PPE 2 0 3 0 2
(personal protective
equipment)

Timeuntil per manent 3 -1 1 1 1
damage

| 5. Conclusions |

The sociotechnical evaluation study produced a research instrument that can be used within the
Air Force to continue its exploration and development of Tricorder equipment. The social and
organizational issues surrounding the Tricorder are complex and multifold. Through the
collaboration among UIC researchers and subject matter experts from Sensing Strategies and the
Air Force, the diverse needs and possible uses of the Tricorder have been explored in depth.
While the original goal was to build one device with simple functionalities, some of the features



of interest to the research participants (e.g., “Viewable with Night Vision Goggles”) are critical
aspects for some, but not all, individuals. Figure 6 lists the features that are desired across users
groups. Figure 7 lists the features that are controversial, and the Air Force will need to decide in
which direction to take future research spirals. Figure 8 lists the features that are not desired by
this study’s research participants, when compared against all other options. These features,
however, were introduced by members of the initial focus groups when talking about the device
development and the Air Force may find some personnel who do desire these features in future
iterations of the Tricorder.

Desirable Features Across User Groups

] = .
Current capabilities — Immediate warning

* Injury threshold info

* Equipment failure alert

Easy to address — Distinctive laser alert

* Operates in any terrain

* Detects in all directions

Directions for future spirals —

Figure 6. Desirable featuresacrossuser groups.



Controversial Features Across User Groups

* Geolocation

Easy to resolve by * Night vision goggle compatible

targeting specific users/

CONOPS * Comfortable to wear

* Records persistence of exposure

Directions for future
development/evaluation

—,

Figure 7. Controversial featuresacrossuser groups.

Currently Uninteresting Features Across User Groups

* Covert/overt notification

» Selectable alert configuration
Easy to address

should interest arise * Alert persistence

* Color change alert

* Ruggedization

More challenging to
address should —
interest arise

Figure 8. Currently uninteresting features across all user groups

Based on feedback from the research subjects at Moody Air Force base, in future research
projects, the following statements should be refined to improve the equipment Q-sort instrument.
The subjects did not understand Information Assurance (statement 23), and Can perform
multiple TOE functions (statement 30). Rather than Geolocation (statement 31), the participants
preferred Range and Bearing for Source of DE.



Within the operations Q-sort, the statements identified as needing clarification were Whether 1
have reach-back (statement 20) and Whether I still have sufficient information to react
(statement 19). The research subjects did not appreciate the statement, Whether my co-worker’s
position was revealed (statement 6), as they are normally in a plane.

A significant development direction emerged through the Q-sort factors of the combined Air
National Guard and Rescue Squadron data. For statement 29, Access data to help make
treatment in the field, four out of the six factors had this statement ranked as +2 or +3. This
means users are stating clinical decision support in the field is a very important feature for the
Tricorder. Decision support was not a subject of study for this Aspect. The medical engineering
and radiation safety knowledge necessary to provide this level of decision support should be
considered as a future research direction; it is outside the current specifications for the Tricorder.
The Laser Injury Guidebook could be a source of important development guidelines that would
need to be synthesized for future Tricorder functionalities [27].

During the presentation to TSRL, a number of questions arose about the current training of the
end users regarding DE threats and appropriate protocols. The AF laser exposure protocol was
shared with the researchers. The concern it expresses seems to be more about decreasing the
anxiety of the individuals who are exposed than preparing for the event of future threat.
Reconciling this difference (individual concern versus large-scale preparation) in future
Tricorders will be challenging, since the sensor as currently developed will never be directly
over the eye (individual concern) and the full intensity of the DE exposure will only be an
approximate value.

From the diversity of operational uses of the data, careful deployment of the technology and
appropriate operational expectation management will be needed to ensure success. Without this,
the diversity could lead to unintended device failure or work-arounds, since it would be
challenging to meet all of the operators’ concerns in a first generation device.
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2D WB: Two dimensional Western blot

ACGIH: American Conference of Governmenta Industrial Hygienists
AgFON: Silver film over nanospheres

ALDC: Fructose bisphosphate aldolase C

AP: Atmospheric Pressure

ATOF-MS: Ablation Time-of Flight Mass Spectrometry

AUNP: Gold Nanoparticle

BHQ2: Black hole quencher II

BSA: Bovine Serum Albumin

CB: Carbenicillin

Cd: Cadmium

Cl: Confidenceinterval

Clu: Clusterin

CMOS: Complementary-Symmetry M etal—-Oxide—Semiconductor
CNGA3: Cyclic nucleotide gated channel alpha 3

CNGB3: Cyclic nucleotide gated channel beta 3

CoT: Cursor-on-Target

CsV: Comma Separated Vaue

D: Day

Da Dalton

DB: Dutch belted

DE: Directed Energy

DI: Desorption ionization

DLC: Diamond-Like Carbon

DNA: Deoxyribonucleic Acid

DRP2: Dihydropyrimidinase related protein 2

ECS0: Effective concentration at half the maximum

ECD: Electrochemical Detection

ECL: Electrochemiluminescence

EDC: 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (or EDAC)

EDTA: Ethylenediaminetetraacetic acid



ELISA:
FITC:
FNCs:
FOV:
FP:
FRET:
G test:
Gll:
GllII:
H&E:

Kan:
LC-MSMS:
LED:
LEP:
LIBS:
LNCs:
MBP:
MPE:
MS:
MVL:
MW:
MWCO:
NA:

NC:
ND:YAG:

Enzyme-linked Immunosorbent Assay
Fluorescein Isothisocyanate

Film Nanocomposites

Field Of View

Fluorescence Polarization

Fluorescence Resonant Energy Transfer
log likelihood ratio test for goodness of fit

Grade Two

Grade Three

Hematoxylin and eosin

Mercury

High performance liquid chromatography
Hour

Horseradish peroxidase

Horse Radish Peroxidase

Integrated DNA Technologies
Immunoglobulin G Antibody

Joul es/square centimeter

Kanamycin

Liquid chromatography/tandem mass spectrometry
Light Emitting Diode

Laser Eye Protection

Laser-Induced Breakdown spectroscopy
Liquid Nanocomposites

Maltose Binding Protein

Maximum Permissible Exposure

Mass Spectrometry

Minimally Visible Lesion

Molecular Weight

Molecular Weight Cut Off

Neutravidin

Nanocrystals

Neodimium Doped Y ttrium Aluminum Garnet



NEOMED:
NLA:
NLO:
NLS:
NP:
NPM:
NPS:
OSHA:
Pb:
PBS:
PCR:
PDE®:
PKM2:
PPS:
PVDF:
PWV:
QD:
RPE:
RR:
RSA:
SA:
sckv:

SDS-PAGE:

SERS:
SOFLAM:
SPR:

TBA:
TBST:
TCEP:
TCP-1-zeta:
TE:

TEM:
TiOPc:

Northeastern Ohio Medical Universities
Nonlinear Absorption

Nonlinear Optical

Nonlinear Scattering

Nanoparticles

N-(1-pyrenyl) maleimide

Naval Postgraduate School

Occupationa Safety and Health Administration
Lead

Phosphate Buffered Saline

Polymerase Chain Reaction

cGMP-specific 3',5'-cyclic phosphodiesterases
Pyruvate kinase isozymes M1/M2

Personnel Protection Sensor

Polyvinylidene Difluoride

Peak Wavelength

Quantum Dot

Retinal Pigment Epithelium

Rate Ratio

Reverse Saturable Absorption

Streptavidin

Single chain Fragment of Variation

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
Surface Enhanced Raman Spectroscopy
Specia Operations Forces Laser Aided Marker
Surface Plasmon Resonance

Thrombin Binding A ptamer

Tris buffer saline-tween
Tris(2carboxyethyl)phosphine

T-complex protein 1 subunit zeta

TrisEDTA

Transmission Electron Microscope

Titanyl Phthalocyanine



TMB:
TOF:
TPA:
TTR:
UIC:
VH:
VL:

WHO:

n:

3,3,5,5-Tetramethylbenzidine
Time-of Flight

Two-Photon Absorption
Thansthyretin

University of Illinois at Chicago
Variable heavy chain
Variablelight chain

World Health Organization
Zinc
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