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Mass Spectrometry of Breath for the Diagnosis of Infection 
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he inability to distinguish among people infected by agents of biological warfare, 
those infected by more benign agents, and those who simply perceive relevant signs and 
symptoms has been a major impediment to the rapid resolution of biological warfare attacks. 
The initial signs and symptoms reported for infection with biological warfare agents mimic 
those of more common illnesses such as the fl u; therefore, an attack of this ilk could go 
unrecognized initially, wasting valuable resources and causing major health and economic 
impacts. One means to reduce or alleviate the threat posed by the use of biological warfare 
agents would be to quickly determine the extent of actual infection. Here we describe our 
approach to developing a rapid, sensitive, and reliable method to diagnose pulmonary 
infection presymptomatically using mass spectrometry. 

INTRODUCTION
A critical need for the effective protection of troops 

and civilians against biological weapons of mass de-
struction (WMD) is the ability to rapidly detect 
infection. The problem is that signs and symptoms of 
exposure to biological WMD are quite general, are 
somewhat subjective, and can easily be confused with 
more common and less serious maladies. In general, 
detection of infection occurs when physical signs are 
observed and symptoms are reported by exposed people. 
Following an announced terrorist attack with an aero-
solized biological agent, medical resources would be 
stretched signifi cantly as evaluation and treatment 
of larger numbers of the population became neces-
sary. Those affected would include people who are 
exposed and subsequently infected, people who are 
exposed but fail to inhale suffi cient organisms to become 

productively infected, and people who are both unex-
posed and uninfected yet seek medical attention. This 
last category is often referred to as the “worried well.” 

Remediation of such an event via similar treatment 
of actual infected and uninfected populations is prob-
lematic for several reasons. By treating both popula-
tions equally, valuable medical resources are wasted on 
the uninfected. If, for example, a hoax incident were to 
occur, the misdirected efforts of hospital and emergency 
personnel to triage and evaluate uninfected civilian 
populations could endanger the lives of people with real 
medical emergencies and traumatic injuries. In addi-
tion, the supply of appropriate vaccines or antibiotics for 
civilian populations around the sites of an attack, both 
urban and suburban, may be severely limited or non-
existent and create logistics burdens for military units. 
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In the case of a biological warfare or bioterrorist attack 
on a naïve civilian or military population, remediation 
through broad-spectrum treatment of the exposed popu-
lation with antibiotics or prophylactic vaccination is not 
without risk. The profi le of the average civilian popu-
lation, unlike that of an active military unit, is apt to 
include children, pregnant women, the chronically ill, 
and the aged. The effi cacy and safety of current vac-
cines are unknown for many of these groups. Antibiotics 
themselves are not without side effects.

There is a direct and urgent need for a means to rap-
idly triage affected populations for signs of infection as 
soon after an incident as possible. We have developed a 
sensitive diagnostic device to meet this challenge. Early 
diagnosis would be accomplished by detecting biological 
molecules produced by the host in response to infection. 
In this model, humans are the ultimate and direct sen-
sors. We are developing a method to indirectly detect the 
infectious organism and directly detect the infectious 
process. If the positively infected population could be 
sorted from the uninfected population quickly and early 
in the scenario, many of the risks of a biological warfare 
or bioterrorist attack could be reduced or neutralized by 
direct intervention at the point of attack or the point of 
care, and limited resources could be preserved for the 
most seriously ill. 

INFECTION

Host Immune Response
Following exposure to bacteria, a foreign protein, 

or a virus, a number of events occur within the host 
to mount an immune response against the invading 
material. These events are initiated in the tissue where 
microbial invasion occurs. By necessity, a localized 
immune response is immediate. Immune proteins stored 
within cells are secreted. Some proteins are secreted at 
low levels, are rapidly taken up by surrounding cells, and 
are therefore unavailable for collection. However, some 
immune proteins are secreted into the external spaces 
of the lung in high concentrations. Once secreted, they 
diffuse slowly away from the site of infection, forming a 
concentration gradient by which immune cells distant 
to the site of infection can sense and follow to that site.

Like PCR (polymerase chain reaction), which ampli-
fi es the genetic material rapidly, the molecular events 
that trigger the host immune response amplify the signal 
resulting from an infection exponentially. Activation of 
the host immune system results in the release of a cas-
cade of molecules that sequentially activate additional 
molecular responses. The molecular events involved 
in immune system activation are appropriately robust, 
are focused at the site of the infection, and continue 
through all phases of infection, including remediation. 
This last point has signifi cance for the potential value 
of monitoring host response to detect infection: while 

current treatment modalities are devised based on the 
predicted responses of an entire population, monitoring 
in near real time would make it possible to assess the 
effectiveness of treatment as well as any adverse effects 
of the treatment in the host. 

The host cell response to infection in the lung has 
been well documented. However, this information is pri-
marily limited to the investigation of bacterial pneumo-
nias and infl uenza.1–3 The candidates, Bacillus anthra-
cis, Yersinia pestis, Venezuelan equine encephalitis, and 
Staphylococcus enterotoxins, are all effective weapons 
when delivered by an aerosol route. Therefore, since the 
initial host cell response to infection is local, it should 
be possible to detect the earliest signs of infection in the 
exhaled products of the lung.

Candidate Biomarkers
For our approach to be useful in detecting early signs 

of infection, candidate biomarkers must meet the fol-
lowing criteria:

• They must be secreted immediately (<2 h). 
• Their production should be robust to provide the 

necessary amplifi cation of signal required to detect 
low numbers of agents. 

• Their production or stability must be relatively 
long-lived (detectable for hours or days) so that they 
can be assessed over a wide time frame following 
exposure. 

• They should be easily detectable, since complex 
sample processing would severely slow down and 
perhaps confound the analysis. 

• Their signal should be applicable to the normal pop-
ulation as a whole following infection with biological 
agents.

Although this is a tall list of requirements, the secreted 
proteins produced by immune cells following infection 
appear to satisfy all these criteria. Known collectively as 
“cytokines,” there are currently more than 200 known 
proteins secreted in response to foreign body invasion, 
and new candidates are added yearly.4,5 Arachidonic 
acid metabolites, which include prostaglandins, eico-
sanoids, and lipoxins, are also known to be produced 
in large amounts and in various structural isoforms in 
response to immune stress6 (Fig. 1). This category of 
signal molecules includes more than 100 different reac-
tive lipids that are structurally derived from arachi-
donic acid and have been implicated in host responses 
to infection. Both these protein and lipid markers (and 
others as yet undiscovered) would presumably be good 
indicators of infection if they could be measured directly 
and rapidly. 

Cytokines are similar to hormones in that they are 
small, secreted proteins with modulatory effects on 
other cell types but dissimilar to hormones in that these 
effects are exhibited locally (paracrine and autocrine) 
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rather than at a distance (endocrine) (Table 1). How-
ever, not all cytokines are expressed in each tissue type, 
suggesting that there may be some spatially restrictive 
pattern to the expression of cytokines based on the site 
of infection.4 The use of cytokines in our approach is 
further discussed later in this article.  

Susceptibility
Age, stress, genetics, sensitivity to drugs, and under-

lying disease status all infl uence a person’s ability to fi ght 
infection. Therefore, even similarly exposed people may 
not demonstrate equal infectivity to a particular agent. 
For example, if a 58-year-old diabetic female became 
productively infected, it would not necessary mean that a 
29-year-old healthy male located in the same area would 
also become infected. The advantage of our approach is 
that it would capitalize on individual rather than popula-
tion approaches to treatment. A rapid system for detec-
tion of disease-specifi c markers would prevent inappro-
priate use of resources and unnecessary risk.

SAMPLING
Ultimately it would be most benefi cial to detect 

signs of infection before patients exhibit symptoms. Any 
device used for this purpose should be portable and 
amenable to rapid sample analysis as a point-of-care 
system. Samples should be easy to obtain, i.e., with little 
stress on the patient, should present a low logistics burden 
on the medical staff, and should be easy to process. 

In our case, we chose to collect water vapor and par-
ticle droplets of exhaled breath as a sampling system (Fig. 
2) to monitor active infection in the lungs and waste prod-
ucts from infection expelled through the lungs. Others 
have used volatiles such as nitric oxide levels in breath to 
monitor infection. Although nitric oxide has proven to 
be an excellent marker, nitric oxide basal levels have been 
shown to vary considerably from person to person. 

Anyone who has spent time outside on a cold day and 
could “see his or her breath” has visualized the process 
by which exhaled breath can be captured. An active, 
healthy male may exhale as much as a quart of water per 
day. Entrained within this water vapor we expected to 
fi nd larger mass molecules such as lipids, proteins, and 
even whole viruses. The protein concentration of breath 
is highly variable, depending on the collection method, 
and has been measured by us and in a number of other 
studies looking at exhaled breath condensates (EBC). 
The collector design is discussed in more detail below.

As illustrated in Fig. 2, we proposed to use mass spec-
trometric patterns of EBC to determine infectious status, 
most importantly because breath fi ts the criteria men-
tioned previously (easily obtained, low logistics burden, 
and low patient stress). We chose host response mole-
cules, primary cytokines and arachidonic acid metabo-
lites (Fig. 1)1,6 for several reasons. For example, while sev-
eral thousand Bacillus anthracis spores may be necessary 
to induce infection, less than 10 organisms can induce 
disease if a person is exposed to Francisella tularensis. In 
such cases, even where 100% recovery of free swimming 
organisms can be demonstrated in models or controls, it 
is likely impossible to effi ciently recover microbes from 
a host immediately following a biological warfare attack. 
Once microbial invasion has taken place, host cells may 
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Figure 1. The synthesis of arachidonic acid metabolites is an 
important factor in early host immune responses. Arachidonic acid 
provides the foundation for the synthesis of more than 10 differ-
ent prostaglandins through the multiple enzyme systems, more 
than 40 hydroxyeicosatetraenoic acids (HETEs) and substituted 
HETEs through the p450 and lipoxygenase systems, and more 
than 20 leutrotriene variants. These products are formed while in 
intact lipids or after release by phospholipase A2. All of these mol-
ecules are involved in host responses to infection and stress.

Table 1. Comparison of characteristics.

 Cytokines Hormones

Act locally Act at a distance

Produced by many cell types (immune, epithelial, etc.) Produced by specialized cells (thyroid, adrenal, etc.)

Synthesized transiently following activation Synthesized constitutively following activation

Usually inactive in serum or plasma Active in serum or plasma

Diffuse from tissues, slowly forming a gradient from the Easily measured in blood and can be correlated with physio-
 site of action  logical activity
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internalize the bacteria, virus, or toxins so that the agent 
cannot be recovered without lysis of the host cells. Suc-
cessful detection at later times—when microbes have 
successfully proliferated throughout the host and appear 
extracellularly in blood—would be possible, although 
valuable treatment time may be lost.

PROTOTYPE  DEVICE
The unique part of our prototype monitoring system 

is the use of Matrix-Assisted Laser Desorption Ioniza-
tion Time-of-Flight (MALDI TOF) mass spectrometry 
(Fig. 3). In MALDI, samples are mixed with a solvent 
in which a compound known as a “matrix” is dissolved. 
Matrix refers to any one of a number of light-absorb-
ing molecules that are also capable of transferring this 

adsorbed energy to nearby molecules. Interrogation of 
the sample mixed with the matrix results in the transfer 
of energy and subsequent ionization of the sample. 

MALDI TOF was selected as a candidate technology 
for breath detection for several reasons. First, it can be 
applied to molecules from a wide mass range (0–300 kDa) 
so that multiple markers can be visualized simultane-
ously. Second, MALDI is extremely sensitive—reported 
to measure yoctomole levels of peptides. However, it is 
relatively insensitive to contaminants such as detergents 
as compared to other mass spectrometry systems, thus 
reducing the need for extensive sample preparation. In 
addition, the MALDI process of ionization and detec-
tion is rapid (<1 s). 

Initially, the prototype MALDI TOF mass spectrom-
eter could be stationary, but the technology selected 
for this type of detector must ultimately be transport-
able and should be capable of miniaturization (<100 lb). 
Others at APL (see, e.g., the article by Antoine et al., 
this issue) are developing portable MALDI TOF mass 
spectrometers for use in fi eld applications. A portable 
diagnostic device would allow evaluation of an exposed 
population on site for defi ned, early cellular responses to 
infection. 

DETECTION OF CYTOKINES 
BY MALDI

Cytokines are functionally categorized as pro-infl am-
matory, anti-infl ammatory, and chemotactic (also 
known as “chemokines”).5,8 A majority of cytokines 
have molecular weights below 30 kDa in their mono-
meric form and most chemokines have molecular 
weights in the ranges of 8 to 10 or 15 to 20 kDa (Table 
2). This size range is extremely well suited to analysis 
by MALDI TOF mass spectrometry. Other technolo-
gies are available, However, with SDS PAGE (sodium 
dodecyl sulfate polyacrylamide gel electrophoresis), 
the cytokines are nearly indistinguishable. SDS PAGE 

Figure 2. Conceptual schema for diagnosing infection from exhaled breath condensates using MALDI TOF mass spectrometry. It is 
anticipated that this system will be able to discriminate infected from uninfected people, should be able to distinguish classes of infection 
or exposure to toxins (bacterial, viral, and toxins) based on patterns, and might even provide information concerning the infectious agent 
(Gram negative, Gram positive, species information).

Figure 3. Schematic of a linear MALDI TOF mass spectrometer. 
The principle of MALDI TOF is to determine the mass of a mole-
cule. Mass is determined by the time it takes for an ionized form of 
the molecule to travel in a fi eld-free drift region from the source to 
the detector. Ions are produced when the sample analyte is mixed 
with an energy-absorbing matrix and the sample mixture is inter-
rogated by a laser. This calibrated time measurement is recorded 
as the mass/charge ratio, where additional charges on a single 
molecule decrease the fl ight time of the ion in the drift tube propor-
tionally to its mass. (Adapted from Ref. 7.)
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separates proteins based on their relative molecular 
mobility and is commonly used to identify proteins 
based on both their antigenic determinants and mass. In 
general, ELISA (enzyme linked immunosorbent assay) is 
used to antigenically detect and distinguish cytokines10 
and, in conjunction with Western blotting, is com-
monly used to quantify cytokine responses. Although 
these methods have been refi ned and have proven to be 
among the most accurate, specifi c, and sensitive tech-
nologies validated to date, ELISA lacks the immediate 
detection capabilities required for rapid analysis of large 
numbers of victims following an attack. However, mass 
spectrometry, because of its high resolving power for 
proteins of low molecular weight and its rapid sample 
analysis time, is a good candidate technology for the 
specifi c analysis of cytokines.

As part of the development of the mass spectrometry 
methods for sample analysis, we examined purifi ed cyto-
kines from a variety of species for their ability to ionize 
by MALDI. Several matrices and solvent conditions 
were compared among all the cytokines. Finally, a set of 
conditions was optimized to permit ionization of cyto-
kine sets. These cytokine mixtures were grouped based 
on the likelihood that the molecules were induced, at 
times simultaneously, at early time points.

 As shown in Fig. 4, cytokines IL-1, IL-6, and TNF� 
were all detectable as mixtures and when admixed in a 
1:1 ratio with sputum. Cytokines were detected in mix-
tures at nanomole levels, although the intensity of the 

signal for each was not equivalent. The ratio used rep-
resents an unrealistic amount of sputum to be found in 
breath samples (as discussed in greater detail below). It 
is signifi cant that even at these levels, sputum did not 
interfere with the detection of cytokines. This indi-
cates that, unlike PAGE, MALDI can resolve proteins 
with masses that differ by less than 500 Da. In addition, 
detection of all three cytokines was accomplished in the 
presence of a 24 molar excess of bovine serum albumin. 
This is signifi cant, as serum albumin is known to leak 
from the vascular spaces into the lung and is a major 
protein component of lung fl uid. 

Although forced sputum as used in these samples 
does not represent fl uid derived from the lung, it does 
represent a material that might also enter the sampler 
when EBC is collected. Therefore, it is notable that nei-
ther sputum- nor respiratory-associated proteins such as 
serum albumin interfered with the detection and resolu-
tion of the cytokines in a neat (unprocessed) sample. 

DETECTION OF CYTOKINES IN 
EXHALED BREATH CONDENSATES 

Design of the Collection System
To conclude these studies, we fi rst needed to be able 

to collect EBC with high effi ciency. We evaluated sev-
eral collector systems to be used in mouse and piglet 
model studies. For mice, exhaled breath was collected 
with a Cannon nose-only exposure tower (Lab Products, 

Table 2. Characteristics of known cytokines involved in infection.

  Predicted MWb Observed MWc Glycosylation Immune cell
 Cytokinea (kDa) (kDa) (N- or O-linked) sourced

TNF�, � 26.0 17  T/M
IFN� 20.0 16–27 N T/M
IFN� 20.0 28–35 N —
IFN� 17.1 20, 25 N T
IL1�, � 17.5, 17.3 17–20 N M
IL-2 15.4 15–20 O T
IL-4 15.0 15–19 N T
IL-6 20.8 26 N T/M
IL-8 11.1 6–8 — M
MIP1�, � 8.6 8–20, 7.8 O M/T
MIP2 (GRO�) (GRO�) 11.4 7.9 — M
MCP1, 2, 3 8.7 8–18 O M
RANTES 8.0 8 O T
GMCSF 11.6 22 N T/M
aGMCSF = granulocyte/macrophage colony stimulating factor, IFN = interferon, IL = interleukin, MIP = macro-
   phage inhibitory protein, TNF = tumor necrosis factor.
bData compiled from Refs. 4 and 5. Molecular weight (MW) is based on reported relative MW from murine 
   sources.
cData compiled from Ref. 9.
dT = T cell-derived, M = macrophage-derived. 
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Seaford, DE) modifi ed to create a virtual mask for each 
rodent. The system allowed simultaneous sampling of 
breath from up to 50 mice. A cold trap was attached to 
the sampling system to collect water vapor and protein. 

Initial calibration and testing of the system were done 
with water vapor, and 13-nm-dia. carbon black particles 
were then used to model the potential loss of exhaled 
protein clusters in this collection system. We hypoth-
esized that particles of this size might be in the appropri-
ate range of coalescing protein clusters as they become 
independently airborne or as they would exist inside the 
secondary liquid droplets that form when a soap-like 
fi lm breaks. The selection of the 13-nm-dia. carbon par-
ticle size as a starting point was based on the observation 
that, following exposure to radon gas, radon daughters 
are exhaled. Inhaled radon decays to polonium, bismuth, 
and lead, which are solids at room temperature. These 
single ionized atoms attach to the nearest airway surface, 
particle, or cluster of molecules. If the particles are in the 
tens to hundreds of nanometer-diameter size range or 
rapidly grow to that size range, the radon daughters are 
exhaled and the absorbed dose decreased.11,12 

The major source of breath protein can only be spec-
ulated at this time. Except during violent air movements 
in the upper airways, the generation of aerosol from 
fl uid lining the conducting airways is not expected to be 
signifi cant. It is possible that aerosol is generated by 
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Figure 4. Resolution of cytokine mixtures in respiratory-like backgrounds. Three com-
mercial cytokine preparations (IL-1, IL-6, and TNF�) were mixed at equal molar amounts 
(nmol). The x axis is mass in daltons over charge (�1, �2, etc.) and the y axis represents 
the relative intensity of the peak. Bovine serum albumin (BSA) was present in the samples 
as a stabilization agent at 24 molar excess over the concentration of individual cytokines. 
Cytokine mixtures were then admixed with forced sputum collected from a healthy volun-
teer. Peaks at 66 and 33 kDa result from the singly and doubly charged species of BSA. 

yet-to-be-demonstrated means in 
the deep alveolar spaces. This pro-
tein aerosol may be produced by the 
movement of air through the pores 
of Kohn,13 by airway reopening,14 or 
possibly by the dynamics of an alve-
olar surface network of bubbles.15 

As a worst-case scenario, the 
smallest stable aerosol that we 
could generate was chosen to test 
the penetration of breath protein 
through the exhaled breath sam-
pling system. If a 13-nm-dia. aerosol 
could penetrate from the location of 
the nose of the animal, through the 
sampler, to the collector (cold trap), 
then any larger clusters would also 
penetrate as long as they remained 
below the larger particle sizes, where 
impaction and sedimentation domi-
nate particle loss. 

We evaluated the use of standard 
nose-only collectors to sample the 
mice simultaneously and nose-only 
ventilation masks for a single swine. 
The device was optimized initially 
for delivery of respirable particles, 
not collection. As demonstrated in 
Fig. 5b, before modifi cation of the 

system, 32% of the carbon particles penetrated from an 
animal port to the entrance of the cold trap. Penetra-
tion was 82% after modifi cations that included inverting 
the tower, reversing airfl ows, and straightening sampling 
lines. Similar optimization and effi ciency measurements 
are under way using nose-only ventilation masks for a 
single swine, discussed below.

Evaluation
Using the prototype collector design for piglets, we 

began collections from 2- to 4-week-old piglets. The 
prototype consisted of a ventilation mask adapted with 
a low-fl ow one-way valve to restrict contaminants pres-
ent in the room air. The condenser system consisted of 
two 50-mL centrifuge tubes immersed in dry ice and 
linked in series. Directional airfl ow was maintained 
by intermittent application of vacuum during the col-
lection. Piglets were injected intravenously with phos-
phate-buffered saline as a control or 150 �g/kg staphy-
lococcal enterotoxin B (SEB). Approximately 2 to 3 
mL of EBC was collected for 30 min at various times 
following exposure to SEB. EBC samples were evalu-
ated for protein concentration, by ELISA assay, and by 
mass spectrometry. 

As early as 1 h following treatment, we were able to 
detect a large peak at 17495.3 Da (m/z) in unprocessed 
samples (Fig. 6). This peak corresponds to the observed 
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CalculationsCollectionSampling
Figure 5. Design and collection effi ciency of 
EBC collector. (a) The collection tower and 
condenser setup are pictured. The tower is 
designed to accommodate up to 50 animals 
in a single experiment. Numbers appearing 
below the fi gures represent the average effi -
ciencies determined for each portion of the 
collector using 13-nm-dia. carbon black par-
ticles. (b) A schematic of four different collec-
tor confi gurations is shown. Airfl ow direction 
is indicated by the short arrows. Confi guration 
1: airfl ow is oriented in the same direction as 
used for aerosol exposures, and the outfl ow 
tube is oriented at a 90° angle. Confi guration 
2: airfl ow is oriented in the same direction as 
used for aerosol exposures, and the outfl ow 
tube is parallel with the airfl ow. Confi guration 
3: airfl ow is inverted relative to direction as 
used for aerosol exposures. Confi guration 4:  
airfl ow is inverted relative to direction as used 
for aerosol exposures, and the tube is heated 
externally to prevent excess condensation. 
Numbers below the schematic indicate effi -
ciencies measured for each design using 
carbon black particulates.

0

10

20

30

40

50

60

70

80

90

100

7,000 8,000 9,000 10,000 15,000 16,000 18,000

Mass/charge

Putative IL-2 peak

6843.3

R
el

at
iv

e 
in

te
ns

ity

6983.2

6947.4

6955.2

8951.8

8958.8

8978.0

8999.2

8993.6

17495.3

11,000 12,000 13,000 17,00014,000

Figure 6. Mass spectral patterns of EBC from SEB-exposed piglets. Breath was collected 
and interrogated by MALDI TOF for the presence of unique peaks. The x axis is mass in 
daltons over charge (�1, �2, etc.) and the y axis represents the relative intensity of the 
peak. As shown, several signifi cant peaks were observed in the 6,800–19,000 m /z range, 
where the peak at 17,495.3 m /z correlated with the peak expected for the singly charged 
IL-2. This peak was not seen in control samples. This result correlates with detection of 
IL-2 cytokine by ELISA assays conducted on the same samples.

size for purifi ed IL-2 for swine. We detected IL-2 in the 
ample by ELISA as well. Other cytokines, such as TNF� 
and IL-1, were not detected by either ELISA or mass 
spectrometry. Further confi rmation of the 17495.3-Da 

ity of mass spectrometry to detect and resolve multiple 
cytokines in a single sample based on absolute mass. 
Resolution of multiple cytokines is not possible with 
other systems such as ELISA or PAGE in a single assay. 

peak as IL-2 using liquid chroma-
tography/mass spectroscopy is still 
under investigation. 

Currently, we are also investigat-
ing the chronological patterning of 
cytokine production in response to 
infectious and noninfectious agents 
using in vitro systems. Although the 
data are very preliminary, it appears 
that infectious agents can be distin-
guished from one another based on 
the number and timing of cytokine 
production in vitro. Using a stan-
dard panel of four cytokines at three 
time points, we have found the pat-
tern of induction to be relatively 
consistent and distinguishable for 
various bacterial agents. Further 
investigations are under way to 
determine the level of distinction 
that may be possible by compar-
ing the chronological patterning 

of cytokine induction, class level 
(bacterial, viral, or toxin),  level of 
Gram stain (positive versus nega-
tive), or bacterial group to which 
an agent belongs (e.g., proteobacte-
ria, Yersinia spp.).

CONCLUSIONS
We have demonstrated the abil-
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jackman@jhuapl.edu.

Using these conditions, we have assembled a library of 
mass spectral signatures of host immune factors from 
multiple species.  

We have demonstrated the ability to collect and detect 
cytokines in EBC after exposure to biological warfare or 
bioterrorism agents. Collector designs were evaluated for 
the ability to collect particulates and are being evaluated 
with aqueous samples containing known proteins. The 
prototype collection system has a mask that is adapted to 
restrict entry of room air and provides directional airfl ow 
through redundant condensers. Aqueous samples were 
introduced directly into the MALDI TOF mass spec-
trometer for analysis. Conditions were optimized using 
purifi ed cytokines and various sample matrices. A single 
protein peak at a mass associated with swine IL-2 was rap-
idly detected in EBC from pigs. This peak correlated with 
masses observed for species-specifi c cytokines in our mass 
spectral library. The peak was specifi c to exposed piglets, 
and the presence of IL-2 was confi rmed by ELISA assays. 

We intend to further our design and analysis of EBC 
for the diagnosis of biological infection as well as a dosim-
eter for exposure to chemical and radiological insults. 
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