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ABSTRACT

This research paper evaluates the possibility of nanoparticle detection technology as a
superior replacement to, or augmentation of, conventional occupational and environmental health
exposure monitoring for the US Air Force Bioenvironmental Engineering career field as a
reusable platform for simultaneous detection of multiple hazards and hazard classes based on
sensitivity, selectivity, and real-time monitoring capability in atmospheric and aqueous
environments that would be acceptable by regulatory agencies. Although research evaluated did
not meet all criteria established, results reported in two broad categories of optical (colorimetric)
and electrochemical nanotechnology suggests that a hybridized platform of conventional
collection methods and new technology could serve as an interim system to significantly
improve detection capability while nanotechnology detection is developed further to meet all

required criteria.



Introduction

Research Question

Is nanoparticle detection technology a superior replacement to conventional exposure
monitoring methods? The Bioenvironmental Engineering (BE) career field is responsible for the
determination of exposure levels and corresponding health risk, mitigation, and compliance in
the fields of industrial hygiene, environmental, drinking water, and emergency response. The
current detection technology used, compounded by regulatory precision and accuracy
requirements makes adequate detection and health risk assessment extremely burdensome. 23
The resurgence of nanoparticle research and applications in the detection field has piqued the
interest of many, including BE career field leaders, in search of a platform that can
simultaneously detect multiple hazards with the combined benefits of lab and field analysis.*
Gold nanoparticle (AuNP) detection platforms, among others, show significant potential as a
replacement to conventional methods based upon numerous research reports detailing their
versatility, precision, and accuracy. Although this technology is still in its infancy and has some
developmental milestones to reach, it is rapidly developing and is already being used in

commercial systems.>®’

Overview

In the background of this report, BE monitoring and compliance requirements will be
addressed and compared to the occupational and environmental monitoring capabilities. The
real-time and field monitoring segments of this capability will be detailed further before delving
into a detailed discussion of the prevalence of hazards within the Air Force. Hazards will be

broken down by class, sub-class, and individual chemicals.



The research methodology and framework will be explained prior to a literature review
with detailed research findings of specific detection capabilities and technological variants that
feature predominantly gold nanoparticle technology, with a few other variants, that are being
evaluated. The literature review is segregated by the type of hazard detected (i.e. vapors, gases,
organics, etc.) and physical medium that it is capable of detecting in, either air, water, or both.
Some areas may contain overlap dependent upon the capability of the specific nanoparticle
detection results being reviewed. Overall, the literature review will explore existing detection
platforms containing nanoparticle detection technology and their performance. Evaluation
results and conclusions will be made prior to an analysis and recommendations to the career field
on the use of nanotechnology as a future detection platform. Lastly, a summary concluding the

report will be provided.

Research Methodology and Framework

Due to the nature of the experimental research sources used in this report and the status of
nanotechnology as an emerging and rapidly developing field of science, an evaluation
framework and research methodology were chosen. The criteria used in the evaluation were
developed to aid in answering the research question. The main focus was to determine the extent
that nanotechnology detection platforms can detect hazards within the parameters of the
established criteria, assess their performance, and note any deficiencies observed. Research
sources used consisted primarily of experimental research literature available on nanotechnology
capabilities; nanotechnology news articles and regulatory and instructional literature governing
Federal, DoD, and Air Force occupational and environmental health exposure monitoring

requirements were also used.



Research Criteria

In order to evaluate nanotechnology detection capabilities compared to current
technology employed by the BE career field, an assessment of the regulatory monitoring
requirements and current detection capabilities was critical. The next step in the evaluation
process was to determine the hazards present in the Air Force that BEs are required to monitor
and whether or not nanotechnology possessed the capability to detect them. This included an in-
depth analysis of the occupational and environmental hazards present at installations, in
emergency response scenarios, and deployed settings that must be monitored. Once these
parameters were established, the feasibility of implementing this technology was explored. An
ideal piece of monitoring equipment provides measurement results acceptable by regulatory
agencies as a compliance sample. This means that the sample result must be within a set
standard deviation and could be replicated to produce results with very little variance in the
precision of measurement. Most measurement methods used by BEs only allow for the
measurement of one hazard at a time; simultaneous measurement of multiple hazards would
greatly enhance measurement capability. Key parameters assessed throughout the research to
determine if it was suitable as a total replacement for current detection methods were:
compliance with regulatory monitoring requirements, sensitivity of detection, selectivity of
detection, ability to detect hazards simultaneously, ability to detect in real-time, and portability.

Cost was not used as factor in the research criteria due to the inability to predict the cost
of production for these detection systems. Until a standardization of mass scale production
takes place and is assessed, it will remain an unknown factor in assessing how this would

impact the overall benefit of the technology. Nanoparticle synthesis is being progressively



refined as research builds upon past successes and strives to overcome failures; once

standardized detection methods are established, production cost estimates can be determined.

Background

The use of nanoparticles has emerged from the imagination of science fiction authors into
a very tangible technology. This technology shows great promise to enhance the exposure
monitoring capabilities and achieve the challenging occupational and environmental health
monitoring mission of the Bioenvironmental Engineering (BE) by overcoming the numerous
monitoring protocols and analytical methods required. One of the biggest issues BE’s face in
achieving monitoring requirements is the sheer diversity of hazards that must be analyzed and
assessed for health risks and their corresponding detection methods. Exposure monitoring is the
foundation of the health risk assessment process and is critical to keeping the base population
safe from occupational and environmental exposures. The predominant requirements for
monitoring by BE includes the monitoring of airborne contaminants in industrial settings and

water contaminants within drinking water supply systems.

Monitoring and Compliance Requirements

The United States Environmental Protection Agency (EPA) and the Occupational Safety
and Health Administration (OSHA) are the federal regulatory agencies responsible for enforcing
workplace and environmental compliance by establishing and enforcing criteria to ensure
exposures are at safe levels in the workplace and environment. The EPA was founded in 1970
with an overarching mission of preventing “significant risks to human health and the
environment where they live, learn, and work” by establishing and enforcing environmental

policy based on the “best available scientific information.” ° The EPA establishes monitoring



requirements to assess health risk from exposure to environmental pollutants in the air, water,
and soil; it also regulates the management and disposal of hazardous materials and
environmental restoration policy.'® There are approximately 26 separate executive orders and
acts enforced by the EPA that individuals and corporations, including the Air Force, must adhere
to and comply with.!

The Occupational Safety and Health Act of 1970 established the Occupational Safety and
Health Administration (OSHA) as a new division of the U.S. Department of Labor.'? This act
also established the National Institute of Occupational Safety and Health (NIOSH) as a research
institution “to establish standards for workplace safety and health.”*® OSHA standards are
divided into four broad areas: construction, general industry, maritime, and agriculture. They
apply to a broad range of workplace hazards including chemical safety, monitoring requirements,
thermal stress, ashestos, and equipment and safety requirements.** OSHA’s current chemical
database lists 801 specific chemicals and chemical classes; 517 of these chemicals and classes
listed have an associated Permissive Exposure Limit (PEL) that require monitoring if present in
the workplace.®

To comply with the standards established by the EPA and OSHA, the Department of
Defense (DOD) mandates environmental and occupational health compliance for all service
components.t81":18 The United States Air Force’s (USAF) Bioenvironmental Engineering (BE)
career field serves as one of the Air Force components to satisfy the DOD requirement in tandem
with other medical, civil engineering, and safety career fields.’® BEs provide exposure data
collected through various field screening and laboratory analytical methods to determine
occupational and environmental exposures and associated health risks.?® The Occupational and

Environmental Exposure Limits (OEELS) consist of exposure limits adopted from numerous



established and recognized standards that ensure a safe and healthy workplace and
environment.?! OEELSs include exposure limits and guidelines established by federal agencies
including OSHA, NIOSH, and the EPA. They also include recommended guidelines from the
American Conference of Government Industrial Hygienists (ACGIH) and other regulations
originating from within the DOD and USAF.?

Once exposure data is collected, BEs conduct a health risk assessment (HRA) of the
exposure by considering multiple factors including: threat source, route of exposure (inhalation,
ingestion, contact, etc.), work patterns, concentration, exposure duration, and exposure
frequency.® Following this collection process, BEs provide recommendations to control and
reduce the health threat to level as low as feasible. In order of precedence, the control hierarchy
includes: chemical or hazard source substitution, engineering, administrative, and personal
protective equipment (PPE). In theory, PPE should only be used as a temporary measure until a
permanent alternative can be employed.?* However, many “feasible alternatives” are not
practical due to cost, technology, or performance limitations. Therefore, the “temporary” PPE
becomes the primary and sometimes only line of defense against occupational exposures.

Aside from airborne exposure to occupational and environmental contaminants, BESs are
also tasked with monitoring drinking water systems to ensure the supply is safe to drink and that
contaminants are below regulatory limits. The U.S. Environmental Protection Agency (EPA)
has established and enforces contaminant limits for 87 primary contaminants in 6 categories.?
In addition to the primary contaminants enforced, the EPA initiated the Unregulated
Contaminant Monitoring (UCM) Program in 1988 that will last through 2016 with the purpose of
assessing the prevalence of 169 unregulated, potentially hazardous contaminants that may

require monitoring in the future.?



While hazardous workplace chemicals are the most obvious type of exposure assessed for
health risk determination, there are numerous types of exposures that must be assessed by BEs.
Although typical exposures originate from within the workplace, exposures from the ambient air,
water supply, facilities adjacent to installations, from accidents, and deliberate actions must also
be assessed. Because of this variance in hazard type, BEs must be prepared to monitor for a
wide variety of hazards to include: chemical, ionizing and non-ionizing radiation, biological,
noise, thermal stress, and ergonomics. In an emergency response role, BEs must also be ready to
respond to unknown hazards; collect, identify, and quantify exposures; make recommendations
to mitigate further exposure; and provide a health risk assessment among varying exposure

groups (i.e. responders, casualties, and downwind personnel).

Bioenvironmental Engineering Occupational and Environmental Monitoring Capabilities

Bioenvironmental Engineering (BE) monitoring capabilities are separated into two
distinct classes of detection: field monitoring and laboratory analysis. Field monitoring is
conducted on location by BE technicians and provides results with little to none processing after
collection. This type of exposure monitoring is further delineated into monitoring in true real-
time and monitoring with delayed results (24-48 hours). Monitoring in both of these classes
either provide a quantitative or a qualitative result and are typically used for screening purposes
to determine if follow-on laboratory analysis is needed or during emergency response scenarios.
The only areas where field response equipment is used for regulatory compliance are in a limited
number of water quality parameters (bacteria, pH, and chlorine levels), radiological, noise, and
heat stress. Aside from water quality monitoring, biological monitoring is only conducted by BE
in emergency response and a screened sample must always be sent for further laboratory

confirmation, if the field screening result indicates a positive determination. Laboratory analysis



is very robust in the area of chemical analysis and has an advantage over field detection in its
level of precision and accuracy obtained. Laboratory sampling is used for compliance
monitoring requirements and involves the analysis of exposure levels determined by air and
water samples collected in the field. After collection, they are subsequently packaged,

preserved, and shipped for analysis to determine occupational exposure.

Field Monitoring Capabilities

Bioenvironmental Engineers (BE) maintain approximately 30 separate pieces of field
exposure monitoring equipment with slight variance from base-to-base depending upon the
unique exposures associated with the specific mission of the base. For example, a depot
maintenance base BE flight may have a more robust capability for detecting exposures within the
industrial hygiene area of detection while a BE flight at a base with nuclear munitions will have
a more robust detection suite for radiological hazards. Appendix A illustrates the diversity of BE
field monitoring detection equipment separated by class, type, and technology that BE personnel
are required to maintain proficiency in.

Of the BE equipment on-hand, only 9 pieces of equipment conduct true, real-time
monitoring. For the purpose of this evaluation, real-time monitoring was considered an exposure
measurement within at least one minute of collection. 11 other pieces of equipment possess the
capability of delayed detection, where results of the exposure can be acquired within 24-48
hours. As evident in Appendix A, this distribution is not equal among the detection classes and
the majority of real-time detectors are in the area of radiological and physical exposures. While
these classes are important in an occupational setting, a significant gap exists for the detection of
chemical and biological hazards. This means that evaluation of these exposures must involve the

collection and shipment of samples for laboratory analysis. The overall impact of this shortfall is



that occupational overexposures may go undetected due to a limitation in resources and
budgeting; laboratory analysis is not free.

Although field screening analytical tools are a necessity, they do possess drawbacks in
terms of analysis. One area that does not easily stand out is the burden placed upon the BE
technician responsible for collecting the data. Each of the 30 separate pieces of equipment all
require a unique proficiency to operate; they require periodic maintenance, calibration,
operational checks, pre-calibration, and post-calibration procedures. Due to the sheer volume,
proficiency of each piece of equipment becomes diluted and ultimately the detection proficiency
and confidence in sampling results suffers. The only “ticket” type detectors in the BE inventory
are passive samplers that detectors do not provide instantaneous readings of an exposure.
Usually they are an absorbent or adsorbent media that collects the hazard of concern equivalent
to the exposure of the individual wearing it; after the duration of the monitoring period, the
samples are collected and shipped for analysis. Other dosimeter type recording instruments
allow for the detection of radiation and noise exposures; only radiation exposure detectors have
the ability to provide instantaneous alarm to an individual if they are overexposed in terms of

total dose or dose rate.

Laboratory Analysis Capabilities

The United States Air Force School of Aerospace Medicine (USAFSAM) Lab divides
sampling and analysis into three separate sections: occupational health (industrial hygiene),
environmental health, and radiation.?”  The occupational health analytical services analyze
samples in the following detection categories: gas chromatography (five sub-classes), inductively
coupled plasma (two sub-classes), high performance liquid chromatography (two sub-classes),

ion chromatography, and gravimetric analysis.?® The environmental health services analyze



samples in eight separate classes that cover air, water, and soil mediums.?® The primary
environmental analytical service employed by Bioenvironmental Engineers is drinking water.
Radiological analytical services are separated into five detection areas: gamma spectroscopy,
alpha spectroscopy, gross alpha/beta counting, liquid scintillation counting (LSC), and
inductively coupled plasma mass spectroscopy (ICP-MS).% The USAFSAM lab is accredited
and capable of analyzing 95 standardized methods from the National Institute for Occupational
Safety and Health (NIOSH), the Occupational Safety and Health Administration (OSHA), and
the Environmental Protection Agency (EPA) for occupational, environmental, and radiological

samples.3!

Prevalence of Occupational and Environmental Exposures in the Air Force

Exposure monitoring conducted by Bioenvironmental Engineers (BESs) are divided into
two broad categories: occupational and environmental. The majority of occupational exposures
are measured through air sample collection and analysis of contaminants for chemical and
particulate inhalational exposures. Measurements of physical exposures are also monitored to
include noise, temperature, and radiation. The primary environmental exposures monitored by
BEs are in drinking water; other environmental sampling includes atmospheric monitoring for
ambient outdoor or indoor air quality (IAQ) concerns. Regional data of environmental air
quality available publicly from external weather or environmental agencies and relevant to the
installation are also assessed and documented. Monitoring for potential hazards to the base
population from hazardous sources, such as factories or chemical storage areas, originating from
within or in close enough proximity to the base that they may be a potential health threat are also

assessed.

10



Air Force occupational and environmental exposures are documented in the Defense
Occupational and Environmental Health Readiness System (DOEHRS) as required by
Department of Defense and Air Force regulations.®? As of 31 July 2015, there were a total of
170,044 instances of 1,497 hazards were identified within 77 common industrial processes in the
system across 188 Air Force locations (including Active, Guard, Reserve, and Deployed
locations).®* Figure 1 depicts the distribution of hazards among the chemical, physical,
radiological, and biological hazard classes.

Figure 1. Hazard Prevalence by Class across Air Force Installations

56,256
(33%)

102,403
(60%)

7,380
(4%)

4,005
(3%)

As can be seen, the chemical and physical hazard classes account for 93% of all hazards.
Further analysis was performed on each class to determine the most prevalent, specific hazard
within each category. Appendix B depicts the top 50 most prevalent hazards across all hazard
classes. In addition, the number of Air Force installations and common process categories the
hazard is present in is also displayed. These two values are important to understand just how

wide spread particular hazards are. Some hazards are always present in very common Air Force
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processes (i.e. jet fuel in a refueling process), while other hazards are only present in isolated and
unique processes on only a handful of Air Force installations. Other hazards span multiple
common process types, such as noise and physical hazards. These three parameters are very
strong indicators of just how much of a systemic threat each of the particular hazards may be. Of
the 1,498 unique hazards identified in DOEHRS, the top 50 listed represent roughly 82% of all

hazards identified.%*

An Explanation of Focus on Chemical Hazards

Physical hazards include noise, temperatures, ergonomic, and kinetic sub-categories.
Although physical hazards account for a large percentage of hazards, they were not the focus of
research review because present day instrumentation offers a real-time monitoring capability for
most of these types of hazards. While these hazards were not the primary focus of literature
review, any study or news article discovered that was related to nanotechnology detection of
these hazards were documented.

Some of the current noise and thermal stress (temperature) measurement systems offer a
relatively easy and real-time monitoring capability, however, a less intrusive and permanently
affixed system would benefit personnel by immediately alerting them to hazardous conditions.
Noise hazards are acoustically measured by assessing the average amount of decibels (dBA) a
worker is exposed to and should not exceed 85 dBA. While it is not explicitly stated in
regulatory guidance, noise dosimetry usually involves the collection of noise data sampling over
a period of three work periods or three workers assessed simultaneously over the period of one
work shift.%

Thermal stress monitoring assesses ambient air temperature, radiant temperature, air

speed, and absolute humidity which is used to calculate flag conditions and corresponding work-
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rest cycles to reduce the risk of thermal injury.®® While this practice is beneficial at reducing
injuries, a direct temperature monitoring system for each individual worker that would alarm if
temperature thresholds are exceeded would be ideal.

Ergonomic hazards are quantified based upon worker movement, exertion, repetition,
vibration, or weight of items manipulated in a process and are simply defined by OSHA as the
study of work and movement to reduce musculoskeletal disorders (MSDs).%” A monitoring
device for ergonomic hazards would not be feasible as there currently are no exposure limits
established, only assessments of risk associated with a process.

The confined space “hazard” is actually an area which is defined by OSHA as a space
that is not meant for occupancy, but are large enough for people to enter to perform certain
tasks.® Hazards contained within these areas usually fall in another sub-class of hazards,
however, the confined space acts with a synergistic effect that increases the overall risk of injury
to the worker. Jet Fuel, commonly called JP-8 or Kerosene, and hydrogen sulfide, HzS, are
common chemical hazards found within confined spaces on Air Force installations. Any
confined space that has potential to contain a hazardous atmosphere, material that could engulf
an entrant, or tapering walls or floors that could trap or asphyxiate an occupant is considered a
“permit-required confined space.”*®

Kinetic hazards are, for the most part, assessed by Wing Safety or Fire Departments and
include a wide range of hazards ranging from slips, trips, and falls to hot objects, or cuts from
sharp objects. The current state of BE monitoring capabilities forces a tough decision to be made
for hazard analysis: they can be screened with field monitoring equipment if the hazard meets the
detection criteria and the survey may not even meet regulatory compliance, or they can be

sampled using tedious regulatory protocols and shipped to a lab for analysis at a cost, and lastly
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the flight can attempt to model the potential exposure to occupational hazards and determine an

exposure assessment based upon “professional judgment”.

Literature Review

Gold Nanoparticle Properties

A nanoparticle is defined as an “ultrafine unit with dimensions measured in nanometers
(10).”4% Nanotechnology is an extremely broad and highly diverse area of study. Gold
nanoparticles (AuNP) represent just one of numerous types of nano-scale detection platforms
and is a highly versatile medium for numerous detection technologies. Literature review in this
report will focus on the research areas of airborne and aqueous hazard detection research efforts
that are most applicable and beneficial to the current Bioenvironmental Engineering (BE) career
field detection limitations. The diversity of research and the applicability of gold nanoparticle
detection technology is clearly seen when the sheer amount of research is reviewed. Although
gold nanoparticles where the primary focus, other nanoparticle platforms were also considered

if they possessed applicability to BE monitoring requirements.

Optical (Colorimetric) Detection of Water Contaminants

When visualizing gold, its property of brilliant yellow, metallic luster often comes to
mind. Contrarily, colloidal gold in solution exhibits a range of color in direct correlation to
particulate size.** The colors produced range from deep red to a pale blue as particle size
increases and is also influenced by particle concentration and shape within the solution.*? This
colorimetric property of gold is important in the assessment of gold nanoparticles (AuNP) as a
potential replacement for current detection methods contaminants in drinking water. A common

detection platform used by Bioenvironmental Engineering (BE) technicians across the Air Force
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for screening of water contaminants is a UV-Visible Spectrophotometer. Sample analysis
begins by first adding a reagent to a set sample volume and allowing for a reaction to take place.
After a pre-determined amount of time elapses for the reaction to occur based upon the analysis
method being employed, the sample is then placed into a chamber on the unit and a reading is
displayed. This technology is based upon the absorbance of specific wavelengths being
measured; the percent of wavelength transmitted from source to receiver through the sample is
inversely proportional to the amount of contaminant present in the sample.** Although the
analysis is simplistic in nature, there are some significant drawbacks to the technology.

Analysis of a Hach DR 6000™ UV-VIS Spectrophotometer, one of the latest models
from a well-established detection company, sheds some insight on the capabilities. The unit
offers the capability to detect 66 separate contaminants using 180 distinct detection methods.**
Of those methods listed, only 47 are US EPA certified sample protocols that can be used for
compliance sampling.*® Furthermore, each of the sample protocols are only valid for a specified
range of concentration and each reagent for each method must be purchased separately and has
a specified expiration date.*®

Colorimetric detection of contaminants enhanced with gold nanoparticles have shown
promising and superior results in comparison to spectroscopy alone. In one study, researchers
reported successful detection of DNA, small molecules, proteins, and ions by attaching gold
nanoparticles to polymers that only interact with target compounds.*’ This lock-and-key
interaction produces a visible color change in solution that can be seen with the naked eye.*®
When this technology was combined with a UV-Visible spectrophotometer, researchers were

able to detect contaminants down to the pico (107°) and femto (1078 range.*°
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Interference of other contaminants within a sample is also in issue in current UV-Vis
and colorimetric monitoring systems. In order to obtain a measurement, a reagent is added to a
sample. The resulting reaction product formed is then measured in direct correlation to the
amount of target contaminant in the sample. However, if other contaminants are present that are
also susceptible to reacting with the reagent added, results may be skewed and inaccurate. In
another study, the selectivity of a silver-gold nanoparticle aggregates demonstrated a high
selectivity for nitrites even in the presence of 25 other contaminants.®® This study demonstrated
the ability to detect the presence of the nitrite ion in a sample by the naked eye down to 1.0 uM
(micro molar) concentrations and as low as 0.1 uM when analyzed with UV-Visible
Spectroscopy. !

Although colorimetric detection may not be applicable for all types of water
contaminants, the versatility gold nanoparticles and the breadth of research is portrayed in a
review of water monitoring method studies that took place between 2007 and 2009.%? A total of
25 different studies using gold nanoparticles to detect 8 different contaminants were assessed. >
A unique property of gold that adds to its versatility is its ability to easily bond with the sulfur
atom of a thiol group.>* Once bonded, the thiol group serves as a binder between the
nanoparticle and a functional group attached to the opposite end of the thiol group that would
interact with a target compound.>® This molecular combination of thiol and functional group is
known as a “ligand” that is attached to the gold nanoparticle and has been successfully used to
detect heavy metals, aromatics, organophosphates, toxins, and biological agents in water.>® The
end result of the interaction with nanoparticle and target compound is either a color change that
can be viewed with the naked eye or a UV-Vis spectrophotometer or an electrochemical change

that sends a signal with an intensity correlated to the concentration of contaminant.®’
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Colorimetric detection using AuNPs has also shown the ability to be used for
contaminants that are conventionally difficult to detect due to the equipment required or
interference by interactions with other contaminants in a sample.>® Lanthanide, a contaminant
known to be difficult to detect, was used as a target ion for detection in a study; malonamide
was successfully attached to an AuNP base and the subsequent aggregation observed in the
presence of lanthanide ions allowed for a measurable colorimetric change corresponding to the
concentration of ions in solution.®® The study also showed that there was minimal aggregation
observed when tested in solutions with other metallic ions showing a selectivity towards the

lanthanide ion.%°

Electrochemical Detection of Water Contaminants

Another method of detection harnessing gold nanoparticles (AuNP) involves the coating
of a film or plate with modified nanoparticles designed to detect specific target compounds.
They are arranged in a manner that produces or interrupts an electrical signal as the
nanoparticles interact with the compounds; the resulting signal change measured corresponds to
a quantifiable amount of contaminant present.

In a study, thiol functionalized AuNPs were placed onto a silica film electrode surface in
a sorbent array known as Self-Assembled Monolayers on Mesoporous Supports (SAMMS).®
This novel approach by Pacific Northwest National Laboratory combined SAMMS with a
detection technology known as Square Wave Anodic Stripping Voltammetry (SWASV) to
detect mercury, lead, and actinide contaminants in aqueous solution.®? Although this
experimental research failed to deliver conclusive results in quantification, it did bring to light
the potential applicability of this technology as a reusable sensor platform and one with a high

degree of selectivity among other contaminants in solution®,
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Another seemingly more successful platform that has been reported as an effective
electrochemical sensor involves the use of molecularly imprinted polymers (MIP) on
nanoporous gold leaf (NPGL).% Yingchun Li and colleagues conducted research on the
detection of metronidazole (MNZ) using NPGL that had been molecularly imprinted with
MNZ.%° Results under varying pH conditions were evaluated and detection sensitivity was
reported in the 101 mol per liter range.®® This research was compared to conventional high-
performance liquid chromatography (HPLC) analysis as a reference method; the results
indicated that it was “valid for real sample analysis”.%” This nuance seems to imply that the
platform developed could be used in place of HPLC detection with better results.

This study reiterates the versatility of AUNPs; MIP technology essentially imprints the
target compound repetitively onto an array of AUNPs. When the target molecule interacts with
the MIP array, a signal change is produced. Because the array is specifically tailored to the
compound, it is extremely selective and allows for a very high degree of sensitivity.
Furthermore, since target molecules are used in the manufacturing process to imprint a mold on

the electrochemical surface, there is very little room for error.

Detection of Volatile Organic Compounds (VOCs)

Detection of VOC:s is by far one of the most challenging aspects of exposure monitoring
for Bioenvironmental Engineering technicians simply because there are so many different
variants of VOCs within the numerous functional classes of compounds. Research conducted
by Hadi AlQahtani at the University of Sheffield using thin films of gold nanoparticle
dodecanethiol core/shells demonstrated the ability to detect the alkane class (pentane, hexane,
etc.) of VOCs with selectivity and sensitivity at normal room temperatures.%® The alkanes

functioned as a form of resistance in a circuit, causing the dodecane shells to swell leading to a
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change in voltage and ultimately a quantifiable signal.®® Although this method works, there
were some issues reported with interference from alcohols, ketones, and water.”® However, the
benefits and applicability of this platform reported included the ability of the process to be
completely reversible and it also reported detection limits down to 15 ppm.”*

In a separate experiment, conducted by Niti Garg and a joint team from Carnegie Mellon
University and the National Institute of Occupational Health and Safety (NIOSH), attempts
were made to overcome some of the current shortfalls of monothiol capped gold nanoparticle
detection systems by instead using a trithiol capped system.”? Their efforts were aimed at
addressing issues of stability over long periods of time that had been observed in previous
research.” 1t was presumed that the destabilization of the nanoparticles over time were directly
correlated to the precision of results obtained.”* The experiment tested the ability of trithiol
ligand variants versus the monothiol ligand AuNPs to detect toluene, ethanol, dichloromethane,
methane, and acetone.” Results showed that the trithiol variants were comparative to the
monothiols and in some cases even more sensitive to test analytes. More importantly, they still
performed with less than 10% degradation after a period of 6 months compared to a 47%
degradation of the monothiol variant’®.

Tisch and Haick from the Israel Institute of Technology modified an array of
chemisensitive monolayer-capped metallic nanoparticles (MCNP) to successfully develop a
prototype detection system with a focus on breath analysis. By harnessing MCNP
chemiresistive films within sensor arrays, the researchers were able to yield results with very
advantageous properties.”” The chemiresistor design of the thin layer structure allowed for the
ability to control the geometry of the nanoparticle arrangement that had a direct impact on the

interaction quality of the analytes.”® This study involved the use of a cubically arranged MCNP
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array that they believe allowed for more swelling in the structure once it came in contact with
the target analyte. The consequential change in voltage corresponds to a quantifiable number
with a higher degree of sensitivity compared to conventional spherical arrangements.”® Another
benefit cited was that multiple ligands could be attached and each interacted with a unique
analyte allowing for the ability to detect multiple contaminants; this allowed for varying
responsiveness of certain contaminants based upon the type of ligand attached to the MCNP
array.® In short this meant that one manufactured nanodetection platform could potentially
detect multiple hazards.

The study went on further to discuss potential arrangements for detecting disease states
of patients based upon the type of VOC’s detected in the sample and proved the possibility that
one sensor platform could be designed with the ability of detecting multiple contaminants,
simultaneously.®! Areas noted requiring further research included the ability of the detection
system to detect contaminants consistently in atmospheres of varying humidity, temperature,

and contamination levels.8?

Detection of Gasses

This portion of the review focused on research efforts being made towards the detection
of gasses. Unlike VOCs, gasses are considered inorganic (not containing carbon) and can
contain diatomic (Hz, Oz, etc.) or molecular compounds. Certain types of gasses can be very
difficult to detect as they are inert (non-reactive) but may still pose a health hazard to industrial
workers.

The U.S. Naval Research Laboratory, successfully detected nitrogen dioxide and
ammonia down to the 10 parts per billion range using an array of silicon nanowires capped with

an electrode.®® The experimental data factored in humidity at an approximate 30% range and
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interestingly enough, the increased humidity resulted in better detection performance of the
sensor at very low concentrations.®* The report further detailed the synthesis process was not

time consuming, did not require specialized equipment, and yielded fast response times.%®

Detection of Airborne Metals

Contrary to the other forms of detection already evaluated, the detection of metallic
compounds in air may prove somewhat more difficult using nanoparticle detection technology.
This is due to the fact that airborne metals must be physically manipulated in order to be
aerosolized. In an industrial setting this is usually caused by a process involving manipulating a
metallic surface such as sanding, grinding, or sandblasting. Furthermore, the metal may not be
present in pure form, but rather bonded to another atom or molecule, but still hazardous once
inhaled. Current detection methods overcome this issue by digesting a collected sample in an
acidified solution to liberate the metal. Once dissolved, the metal ion can then be analyzed
similar to metallic contaminants in water samples.

Research into nanotechnology studies conducted to detect metallic compounds was very
limited. Although not based upon nanotechnology detection, there were a few articles that
reported detection methods that may serve as a more advantageous alternative to current
laboratory methods. One study involved the conventional collection of metal particulates
through an air capture filtration method.®® The sample collected was then placed onto a
microfluidic paper-based analytical device (micro-PAD) and the metals were wicked into
contact with impregnated chemicals; the subsequent colorimetric change corresponded to
quantitative values of various metal contaminants detected.®” The end result was the detection
of metal contaminants in a matter of minutes versus the approximately 3 week conventional turn

around for lab samples; detection of iron, copper, and nickel were assessed, however, no
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specific level of quantification was reported further than “levels relevant to human health.”8®
Other experimental results for detection of airborne metals involved the use of high energy

sparks® and laser based analysis systems.

Detection of Biological Pathogens

Research into the use of nanoparticles for the detection of biological agents is quite
robust and further highlights the cross-organizational interest into this field of study.
Applications vary from the detection of pharmaceuticals and metabolites to contaminants
causing foodborne illness and other varying areas of medical care. While the biological
detection capabilities of the BE career field are probably the least developed, they play a critical
role in the regulatory monitoring of bacteriological contaminants in drinking water systems as
well as the field screening detection of Biological Warfare Agents (BWAS).

Monopolizing on the colorimetric properties of AUNP nanoparticle suspensions,
researchers at Air Force Research Laboratory were able to successfully detect concentrations of
riboflavin in-vitro.®* The study involved the use of aptamers, peptide molecules that bind to
specific areas, of varying lengths linked to gold nanoparticles by means of a thiol ligand bond.®?
In the presence of varying environmental parameters and levels of potential interferences, the
riboflavin-bonded AuNPs were able to detect (by aggregation) the free riboflavin in the
micromolar range with a degree of correlation.

The conductive properties of gold were showcased in a separate study by Electronic Bio
Sciences, LLC.%® This AFRL funded study developed a method of monitoring the interaction of
gold layered nanotube sheets with DNA containing a predetermined functional group.®* These

specific DNA groups served as circuit breakers when interfacing with the nanosheets. This

22



added resistance created a drop in voltage current and produced a corresponding quantification
level.%

Surface-Enhanced Raman Spectroscopy (SERS) augmented by silver nanoparticles also
has applicability in the area of biological detection. In a study performed by the Naval Medical
Research Unit San Antonio, 16 separate bacterial isolates were tested on an array of silver
nanorods and evaluated.®® Successful identification was made for all 16 pathogens in a matter
of 15-30 seconds.®” The results of the evaluation were validated using conventional quantitative
polymerase chain reaction (QPCR) that verified the "molecular fingerprints" for each agent in
detected by the SERS platform.®® While specific sensitivity was not discussed in the results of
this experiment, they were described as quantifiable and detection of the bacterial agents was
significantly faster than the present day "gold standard™ technique for bacterial analysis, all
while using a handheld portable Raman Spectroscopy system.®°

In a summary article specifically addressing the detection of cancer cells using
nanotechnology, Mauro Ferrari presented and in-depth assessment of the current status of
nanotechnology detection systems at that time.*°®® While his article is mainly focused on
detection platforms for cancer detection and treatment, his depiction of the detection
technologies crossed all chemical classes.'®* Along with the nanowire type electrochemical
reaction platforms discussed, Ferrari also addressed the nanocantilever detection platform for
the detection of cancerous and precancerous tumor biomarkers.'%2 This array type contains
numerous finger-like cantilevers with varying antibodies attached; when the corresponding
antibody interacts with the biomarkers, a circuit disruption is created and a change in electrical
signal results.1 At the time of the article, in 2004, Ferrari stated that there was little advantage

in terms of detection sensitivity compared current methods, however, he did go on to discuss
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how very realistic it would be to have an array of “several thousand sensors” on a single

microchip.1%

Detection of Physical Hazards

In a 2012 report in Physical Review Letters, a team of researchers demonstrated the
ability of “optically trapped” single gold nanoparticle to detect acoustic vibrations in liquid
media at levels down to -60 decibels.'® A visual comparator would be to imagine a small ping-
pong ball in a fully enclosed container with bass applied to it; the detected vibrations of the ball
in response would correspond to the level of noise present. The detection method employed a
Fourier transformation analysis of the motion of the trapped nanoparticle and the results
revealed that not only could the gold nanoparticle detect sounds at extremely low levels, it could
also locate the direction of the sound source.%

Current heat stress methods involve collecting atmospheric temperatures to develop a
corresponding work-rest cycle dependent upon factors of ambient temperature, radiant heat, and
humidity. Research into thermal sensors placed directly on individuals provided real-time
monitoring of skin temperature with a high level of sensitivity and fast response time.'% These
interconnected filamentary arrays were a non-invasive alternative that provided a high degree of
elasticity; the result was very little discomfort by the wearer and a secured contact to skin

surface.108

Detection of Radiological Hazards
Conventional radiological detection instrumentation harness various technologies. lon
chambers, Geiger-Mueller, and crystal scintillation are three of the main categories of current

detection. One of the most beneficial involves the use of crystal scintillation to detect various
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energy levels that are uniquely produced corresponding to the radioactive isotope present. A
Georgia Tech Research Institute study explained the prospect of using quantum dot
nanotechnology as an alternative to conventional scintillation technology.1% Little further was
divulged aside from the fact that this technology is still in development and analytical results

have yet to be published.*?

Existing Nanotechnology Detection Platforms

A review of the latest commercially available nanotechnology based detection platforms
revealed a common theme; the majority of articles and systems reviewed pertained to the
detection of biological pathogens, metabolites, cancer treatment, or other closely related genres.
While some articles were accurate in the results reported, care was needed in this section of
review as other breaking news articles touted as full-blown systems turned out to be no more
than a sensational report on a recently published research results.

In one such article published on nanowerk.com on 30 September 2015, a report was
given detailing an improved detection sensor to detect cancer simply by analyzing an
individual’s breath.'!* This news was actually coverage of an American Chemical Society
(ACS) publication detailing the results of a recent AuNP research project.!!? Although this was
not quite a system, the results of the experiment reported an 82 percent accuracy rate in
detecting ovarian cancer in 43 volunteers; 14 of the 17 volunteers with cancer were accurately
assessed by a non-invasive, ticket-based system. 3

Another article published by Mingo Pu on Nanotechnology Now drew attention to what
appeared to be their very own research into the discovery of a more natural way of structuring
nanowires to improve the efficiency of the manufacturing process.!** Further explanation of the

article described the “catenary” structure discovered was one that was a “free-hanging chain
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assumes under its own weight” and an example provided was that of a spider’s web.*'®> The
breakthrough reported was that this catenary structure overcame resonance experienced in other
discrete nanostructures which would allow for greater bandwidth in optical nanostructures.!®

The website Phys.org covered an actual sensor system from VAPORSENS detailing
their plans to build a handheld sensor prototype by the end of 2014.1" A visit to the
VAPORSENS homepage revealed an elaborate overview of “vSENS electronic nose
technology” that reported detection down to the parts per trillion level within seconds for
different chemicals that would be available for purchase in the 4" quarter of 2015.1* The
product page listed 40 chemicals in 6 separate areas; correlation to the hazards classes presented
in the paper fall into the inorganic and organic chemical classes.''® The technology page of the
website equated the nanofiber technology to that of the “olfactory cilia of a dog’s nose” and
depicted the sensor’s performance in comparison to other sensors configured in a chip-based
chemiresistor array.?°

Another chip-based platform was showcased in an article on sciencedaily.com which
referred to a research report published 25 September 2015 in Nature Scientific Reports.?! The
device was specifically designed for the detection of the Ebola virus and used optical detection
nanotechnology.?? The results reported excellent specificity with zero false positive when
tested against two other virus strains while also delivering sensitivity results comparable to
polymerase chain reaction analysis that is the current gold standard for laboratory analysis of
biological pathogens.!?3

The Argentinian Ministry of Science, Technology, and Productive Innovation reported
on a device developed with a roughly $13 million dollar grant that could directly detect various

diseases in blood in just 15 minutes, powered only by solar or universal serial bus (USB),
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without the need for cultures or a lab.'?* Unique to this article, the cost per unit was also
discussed and quoted at approximately $1,000.1% In-depth discussion on the underlying
technology was not provided further than an explanation that it involved the use of
“electrochemical transduction” producing a signal from the “antigen-antibody complex”
interaction.*?® Aside from blood samples, the article also explained that this technology could

further detect biological diseases in samples of milk as well.*?”

Conclusions

Conclusions made from the evaluation of current nanotechnology in the literature review
section assess the results of the review against the research criteria established. The emergence
of any trends identified during the course of the review and any benefits or drawbacks found will
be discussed further. Four main conclusions were drawn from the review and each are

expounded upon in their corresponding section.

Conclusion #1 - Nanodetection Technology Does Not Meet All Evaluation Criteria

Many of the research articles evaluated met some of the research criteria, however, no
single platform assessed met every component of the criteria established. As more research was
reviewed, a distinct area of focus by researchers was recognized. A large majority of research
being developed is for the biological, medical, and military fields. Many of the articles assessed
were aimed at efforts other than for the improvement of occupational health exposure
monitoring. In particular, detection of biological agents and volatile organic compounds related
to explosives and chemical warfare agents are being heavily researched. Very little was
discovered for the detection of airborne metals, physical, or radiological hazards. The detection

technology for water contaminants seemed to benefit from the aqueous nature of biological
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systems and contained quite a few reports on new detection methods. Each technology type
reviewed contained its own set of benefits and drawbacks that will be discussed and compared
to the existing platforms in the following sections. Appendix C provides an overview of the
research reviewed during this evaluation and corresponding results. Only the evaluation criteria

specifically addressed in the reports were annotated.

Conclusion #2 - Two Broad Nanotechnology Classes — Optical and Electrochemical

Two broad categories of nanotechnology emerged during the assessment. Most research
reviewed involved variations of either the use of gold nanoparticle’s colorimetric properties or its
ability to attach analyte-specific ligands in a film, tube, or electrode configuration that creates a
change in electrical current when interaction occurs. The majority of the research reviewed
involved the use of gold nanoparticles, however, some studies used other nanotechnology
platforms including silver, graphene, and copper. Only a few reports on the detection of physical
hazards were discovered and assessed during this study; no research into the detection of
radiological hazards using nanotechnology detection was discovered during the research review

aside from a brief report on the use of quantum dot technology to replace crystal scintillation.

Conclusion #3 — Benefits and Limitations of Each Class

Each category displayed unique trends; studies into optical nanotechnology were more
focused on the detection of water contaminants while the electrochemical class of research had
more focus on airborne contaminants. Both classes reported success in sensitivity and
selectivity, however, performance in varied environments (i.e. humidity, temperature, pH)
seemed to be exclusive to the electrochemical class. The optical detection class possessed a

distinct advantage over electrochemical due to its ability to augment the existing technology of
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UV-Visible light spectroscopy. The electrochemical class displayed the unique ability of being
able to detect multiple hazards simultaneously. Detection of inorganic metals was strictly
confined to contaminants in an aqueous environment while the detection of inorganic gasses was
almost exclusively limited to the electrochemical detection class. The number of studies
conducted on the detection of biological agents was roughly even between the two classes and

both reported very successful results for the detection of specific pathogens.

Recommendations

From the research reviewed that has been conducted within this field, it is obvious that
the benefits of successfully harnessing this technology are widely sought. However, work is
still needed to fine tune any proposed detection platform into one that would meet the criteria
established. In order to do so, a system must be able to demonstrate a level of precision and
accuracy that is presently only seen in lab settings while also possessing the convenience and
quickness of field screening tests. All nanotechnology classes reviewed reported a very low
limit of detection for the target hazards, however, issues of interference with other contaminants
present and the level of precision the platform can achieve must still be resolved before they

would be deemed acceptable by regulatory agencies for compliance sampling.

Recommendation #1 - Enhance UV-Vis Spectroscopy with Nanotechnology

The use of nanotechnology as a replacement for current colorimetric detection systems
appears to be a very viable option and would replace the need for spectrophotometry
measurements. Furthermore, with this technology, technicians may be able to measure levels of
sensitivity current UV-Vis spectrophotometer provides with the naked eye alone. If

nanotechnology was used as an amplification to current UV-Vis analysis, technicians in the
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field may also be able to collect samples acceptable by EPA standards that would eliminate the
need for costly and timely laboratory analysis.

One very beneficial result of this technology is the ability it could grant the
Bioenvironmental Engineering career field in terms of monitoring for biological agents.
Currently, capability is only limited to only 8-10 biological warfare agents; nanoparticle
technology would allow for a much more diverse range of biological agents that could also be
applied to measurements in drinking water.*?® This would greatly reduce the workload and cost
requirement of bacterial analysis that is required by the EPA for public drinking water. Current
analysis method requires the collection of a sample, a blank, and an incubation period of 24-48
hours. Furthermore, the results for this analysis are qualitative. Colilert™ is a typical sampling
system used by BEs in the career field. These vials will turn a faint to dark yellow if coliform
bacteria is present in a water sample and will fluoresce under a black light if fecal coliform is

detected.

Recommendation #2 - Further Develop Microelectrode Detection Technology
Microelectrode detection systems show an advantage over colorimetric systems in terms
of reversibility. The chip or circuit dedicated to the detection of a single contaminant could be
reused in a detection unit multiple times. Due to the minimum size of the sensor, it opens up the
possibility of an array assembly where one sample could be placed into a detection system and
analyzed for multiple contaminants simultaneously and reversibly. Research results have
proven the ability to detect multiple contaminants simultaneously, however, the class of
chemicals detected, environmental factors, and other interferences are current shortfalls that
need to be improved upon. Although microelectrode assembly research has been shown to be a

reversible and reusable interaction, researchers have encountered difficulty in developing a truly
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reversible process where all functionalized groups release the target molecule in preparation for

a new analysis on a different sample and then redetect with the same level of performance.

Recommendation #3 — Validate the Performance of MIP Technology

Molecularly imprinted polymer (MIP) technology combined with nanoporous gold leaf
(NPGL) appeared to be one of the most successful platforms reviewed. It is a very promising
method of manufacturing a platform to detect the greatest diversity of analytes. The reason
being is that the target molecule is used in the manufacturing process. This leftover “shell” is
then applied to a surface and triggers an electrical change when the target molecule makes
contact with the shell. This allows for a very unique and highly selective interaction which
enhances the system accuracy. Use of MIP platforms show exceptional promise for selectivity,
however, the manufacturing process requires the actual imprinting of the target compound into a
gold “shell”. This means that for every contaminant system developed, a different synthesis
will be required that will incur costs, unless detection systems can be developed that imprint

multiple analytes within the same array.

Recommendation #4 — A Hybrid Platform for Airborne Metals

In order to maximize the benefits of nanotechnology detection, the Bioenvironmental
Engineering career field should consider a hybridized detection platform. There is a significant
gap in efforts being made to enhance the detection capabilities of airborne metallic compounds
that account for 24% of the 50 most prevalent hazards listed in Appendix B. It is presumed that
one of the challenges to overcome in order to detect airborne metal particulates with
nanotechnology is for the particulates to present themselves on an atomic or molecular level.

Metallic dusts are not generated homogenously in an occupational setting and become airborne
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by some form of mechanical manipulation such as sanding, grinding, or spraying. This results
in particulates generated heterogeneously that are comprised of multiple atoms or molecules
conglomerated into massed particulates. A one-on-one interface between the analyte and
ligands attached to the nanoparticle, nanocircuit, electrode, or wire is required to create a signal
and corresponding quantification, which does not occur with massed particulates.

Since detectors have been developed for aqueous metallic contaminants, an
impingement device should be considered to allow for this interaction and subsequent detection
to occur. A method proposed for further exploration would involve collecting an air sample and
injecting it into an acidified water reservoir that would allow for any metallic particulates to
dissolve into solution. Afterwards, the electrochemical, optical, or a combination of the two
types of sensors could detect the dissolved particulates in the required manner. The sensors
could be placed into the same chamber if it possesses the ability to detect at the pH level present
or the solution could be neutralized or buffered prior to passing into a detection chamber where
the sensors would be located. Although this is not ideal, if this type of analysis could provide

lab quality, regulatory compliant results it would be well worth it.

Overall Recommendation

Although the results do not seem to provide all of the answers at face value,
augmentation of nanosensors with existing technology makes a portable detection strip placed
on a worker very feasible. Detection platforms already exist employing this type of technology
and as research into these fields of study progress further, their performance will only improve.
The results offered by current nanotechnology research effort may not resolve all of the
detection shortfalls that BEs are currently experiencing in the career field, however, if the

feasibility is not explored further it may be an opportunity sorely missed.
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Conclusion

The current state of Bioenvironmental Engineering detection capabilities and
requirements creates significant challenges. Nanotechnology detection platforms were evaluated
as a potential alternative to present day laboratory and field detection methods for the assessment
of occupational and environmental exposures from contaminants present in the air and water.
Based upon the research evaluated, nanotechnology sensors in their present state do not meet all
of the evaluation criteria established. However, many of the platforms reviewed in the two broad
categories of electrochemical and optical nanosensors met some of the evaluation criteria
parameters established. Although there are some nanotechnology detection systems already in
commercial use, there are still some significant shortfalls to overcome before a detection
platform small enough to place on an occupational worker with the capability of detecting
multiple hazards, simultaneously, in real-time, with precision and accuracy acceptable for
compliance sampling can be realized. This ideal end-state is presently not a tangible reality,
however, the nanotechnology reviewed could be augmented with existing detection technology
and sampling methods to enhance the current detection methods and potentially reduce the
laboratory analytical burden and detection time by making regulatory compliance sampling in

the field a reality.
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Appendix A - Bioenvironmental Engineering Detection Capabilities

Detector Name Class Function Capability Medium Technology
Hand Held Assay (HHA)?! Biological g;fg)t/iaodr; Warfare Agents Solid/Liquid Chemo Luminescent
XMX?2 Biological Collection Aerosols Air Aerosol Capture/Liquid Impingement
BacT (Colilert®)? Biological getf;;g; Coliform/Fecal Bacteria Water Colorimetric
Air Sampling Pump (Low/High Flow)* | Chemical Collection Multiple Air Particulate/Vapor Collection
Drager Chip Measurement System® Chemical g’;f;;g; Multiple Air Colorimetric
Dréager Tubes® Chemical ?De;le;;iec:jr; Multiple Air Colorimetric
Hapsite Smart Plus / ER"® Chemical g’;f;;g; VOCs Air GCIMS
4-Gas (Confined Space) Meter® Chemical (F?e E‘:ﬁ CTtiig:e) VOCs/Gasses Air Photoionization
M256A11° Chemical %;f;;g; Warfare Agents Air Colorimetric
Indoor Air Quality Meter! Chemical (RDe E‘:ﬁ (':IEii?nl) Atmospheric Environmental ’\éggsm;l;cgrg;Zgolwg;g;?
HazMat 1D / Elite!? Chemical g;f;;g; Covalent Bonds Solids/Liquids FTIR
Ahura FD / FirstDefender™ RM13 Chemical g;fac;ie%r; VOCs Solids/Liquids Raman
Hach Meter4 Chemical g;f;;g; Multiple Water Colorimetric
M27215 Chemical getf;;g; Warfare Agents Water Colorimetric
Hapsite (Headspace Analyzer)1® Chemical g;f;;ﬁg VOCs Water/Soil GCIMS
Wet Bulb Global Thermometer®” Physical (;?ﬁ%tii%l) Atmospheric Environmental Thermistor
Noise Dosimeter® Physical ggf;;g; Noise Dosimetry Noise SPL
Noise Sound Level Meter (SLM)®® Physical (&e;ﬁ(}tiigql) Noise Source Noise Microphone - RMS
Radeco?° Radiological | Collection Air lonizing Air Filter
ADM-300 (Alpha Probe)?* Radiological (R?gﬁ?ii;l) Alpha lonizing Scintillation
451p%2 Radiological (r\l?‘gﬁ?:m) Gamma lonizing lon Chamber
SAM 935/940% Radiological (RI,DE (:le_ (flfii%r;) Gamma/Beta lonizing Crystal Scintillation
ADM-300 (Beta Probe)?* Radiological (&?ﬁ(ﬁg&) Gamma/Beta lonizing Geiger Mueller
ADM-300 (Gamma Probe)?® Radiological (R?e?ﬁ(':;:gwl) Gamma/Beta lonizing Geiger Mueller
EPD? Radiological (Fliegﬁ(%t:ﬁ]l) Gamma/Beta lonizing Multi Detector
ADM-300 (X-Ray Probe)?” Radiological (Igs?ﬁ(':::oml) Gamma/X-Ray lonizing Scintillation
Narda Probe?8 Radiological (Fi?ﬁ?ii%l) EMF Non-lonizing Diode
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Appendix B - The 50 Most Prevalent Hazards across Air Force Installations?

Hazard

Percent of All

Prevalance by

Prevalence by

Hazard Name Count Hazards Location Process LEGEND
Noise 25339 14.9% 97.3% 97.3% Biological
Thermal Stress 12073 7.1% 70.2% 94.6% Chemical - Inorganic
Petroleum Distillates 10544 6.2% 74.5% 68.9% Chemical - Organic
Ergonomic Hazards 9340 5.5% 58.5% 86.5% Physical
Kinetic Hazards 7787 4.6% 56.4% 79.7% Radiation
Toluene 5128 3.0% 92.0% 78.4%
Chromium Compounds 4899 2.9% 87.2% 64.9%
Isopropanol 4446 2.6% 88.8% 75.7%
Acetone 3789 2.2% 84.6% 79.7%
Methyl Ethyl Ketone 3629 2.1% 86.2% 73.0%
Lead Compounds 3512 2.1% 88.3% 71.6%
Jet Fuels 3411 2.0% 71.3% 58.1%
Xylene 3277 1.9% 87.8% 75.7%
Bloodborne Pathogens 2969 1.7% 71.8% 71.6%
Silica/Silicate Compounds 2420 1.4% 53.7% 67.6%
Methanol 2239 1.3% 71.8% 78.4%
Laser Hazards 2219 1.3% 56.9% 58.1%
Benzene 1884 1.1% 80.9% 60.8%
Ethanol 1869 1.1% 66.0% 77.0%
lonizing Radiation 1772 1.0% 85.6% 59.5%
Confined Space 1714 1.0% 77.7% 64.9%
RFR 1662 1.0% 78.7% 59.5%
Cadmium Compounds 1563 0.92% 74.5% 56.8%
Ultraviolet Radiation 1511 0.89% 80.9% 60.8%
Formaldehyde 1387 0.82% 65.4% 64.9%
Ethylene Glycol 1331 0.78% 74.5% 74.3%
Inorganic Acids 1134 0.67% 63.8% 64.9%
Particulates (Not Specified) 994 0.58% 63.3% 78.4%
Aluminum Compounds 943 0.55% 60.6% 51.4%
Ethyl Benzene 939 0.55% 65.4% 55.4%
Zinc 901 0.53% 53.7% 45.9%
Titanium 863 0.51% 51.6% 55.4%
N-Hexane 833 0.49% 56.9% 67.6%
N-Butyl Acetate 821 0.48% 59.0% 54.1%
Copper 817 0.48% 66.5% 58.1%
Propane 726 0.43% 50.0% 64.9%
Manganese 724 0.43% 54.3% 31.1%
Methyl Isobutyl Ketone 668 0.39% 59.0% 48.6%
Mineral Oil 652 0.38% 58.5% 59.5%
Cyclohexanone 647 0.38% 49.5% 48.6%
Carbon Monoxide 645 0.38% 75.0% 45.9%
Iron 618 0.36% 47.3% 31.1%
Tin 612 0.36% 53.2% 44.6%
2-Butoxyethanol 593 0.35% 54.8% 55.4%
Methylene Chloride 572 0.34% 65.4% 56.8%
Nickel Compounds 566 0.33% 52.7% 44.6%
Asbestos 533 0.31% 50.0% 59.5%
Nitrogen 515 0.30% 48.4% 39.2%
Heptane 509 0.30% 50.0% 52.7%
Molybdenum 508 0.30% 41.0% 31.1%
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1. Defense Occupational and Environmental Health Readiness System (DOEHRS), “Process
Hazards — AF List: 724367,” Defense Information Systems Agency,
https://doehrsdw.csd.disa.mil/AnalyticalReporting/.
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Appendix C - Results of Research Reviewed Compared to Evaluation Criteria

Py}
Research Reviewed Evaluation Criteria § § > %’ 3|2 § E o 8 o z g 2|2
HEHHHBERHBE
SI3e|9|=|E|D 3|25 =18|S |2
Type of Nanotech Sub-Type << = i ~ =8
Electrochemical Film - 2D AuNP Array* X|X[X|X|X]|X X | X
Electrochemical Film - Au/PtNP/Graphene? X | X[ X X X | X
Electrochemical Film - AUNP® X | X[ X X | X X
Electrochemical Film - AUNP* X | X|X X X
Electrochemical Film - AuNP Interdig Capacitive® X|X|[X]|X X
Electrochemical Film - AuNP Ligands® X | X X X | X
Electrochemical Film - AuNP Ligands’ X | X]| X X | X
Electrochemical Film - AuNP SW Stripping® X|X|[X]|X X [ X X
Electrochemical Film - CuNP Monolayer-Capped® X X[ X X | X
Electrochemical Film - Dodecane Core/Shell* X[ X X
Electrochemical Film - MIP-NPGL X|X|X|X|X[X X|X|X|X|[X][X
Electrochemical Film - MCNPs!2 X | X[ X X X X
Electrochemical Film - SAMMS-SWASV % X[ X[ X|[X X
Electrochemical Film - Trithiol Capped* X X
Electrochemical Film - Tyrosine/AUNP/T-NH21® X | X|X X | X X
Electrochemical Film - Vapor Droplet Interaction® | X | X X X | X
Electrochemical Film - Vapor IDA Self-Assem X X
Electrochemical Nanorod - AuNP Fiber Optic*® X | X X X X
Electrochemical Nanotube - Single Walled Carbon®® | X | X X | X
Electrochemical Nanowire - Silicon? X[ X[ X X [ X| X X[ X[ X X
Electrochemical Nanowire - Silicon? X[ X[ X X
Electrochemical Nanowire - Silicon (B-Doped)? X | X|X X X X | X
Electrochemical Nanowire - Silicon V Array Porous® | X | X | X [ X [ X | X X
Electrochemical Nanowire - ZnO on ITO SiO/C? X X | X
Electrochemical Thermal Actuator Si/Cr/Au Wafer®® [ X | X | X X | X X
Electrochemical Film - AuNPs Lateral Flow Strip?® X X
Electrochemical Film - Cat-Spec Funct?’ X X
Optical Colorimetric?® X X
Optical Colorimetric - Agg Direct Sen?® X | X X
Optical Colorimetric - Immunoassay Strip*® X X
Optical Colorimetric - Ligand Based®! X | X[ X X X X
Optical Colorimetric - Ligand Based*? X | X|X X [ X X
Optical Colorimetric - Ligand Based*® X | X|X X X
Optical Colorimetric - Ligand Based* X | X[ X X X X
Optical Colorimetric - Lig Cysteine AUNP% X X
Optical Colorimetric - Non-crosslinking®® X X
Optical Colorimetric - AUNP Conj Polymer®’| X X X X X X | X
Optical Colorimetric Aptamer AuNP Conj® | X [ X [ X X X
Optical Colorimetric - Crosslinking®® X X
Optical Optical Sensor*° X X
Optical Optical Sensor - SS DNA* X | X X X
Optical Optical Tweezers - Pos Track X | X X
Optical SERS - AgNP® X [ x[x|x|[x X X
Optical SERS - AgNP - MIP* X [ x| x X
Optical SERS - AuNP substrate X | X X X
Optical SERS - Ga203/Ag Nanowire*® X X X
Optical SERS - Optical SiO2 -AuNP* X | X|X X
Optical SPR - Capped AuNPs*® X | X X
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