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SOUTHEAST REGION RESEARCH INITIATIVE 

In 2006, the U.S. Department of Homeland Security commissioned UT-Battelle at the 
Oak Ridge National Laboratory (ORNL) to establish and manage a program to develop 
regional systems and solutions to address homeland security issues that can have national 
implications. The project, called the Southeast Region Research Initiative (SERRI), is 
intended to combine science and technology with validated operational approaches to 
address regionally unique requirements and suggest regional solutions with potential 
national implications. As a principal activity, SERRI will sponsor university research 
directed toward important homeland security problems of regional and national interest. 

SERRI’s regional approach capitalizes on the inherent power resident in the 
southeastern United States. The project partners, ORNL, the Y-12 National Security 
Complex, the Savannah River National Laboratory, and a host of regional research 
universities and industrial partners, are all tightly linked to the full spectrum of regional 
and national research universities and organizations, thus providing a gateway to cutting-
edge science and technology unmatched by any other homeland security organization. 

Because of its diverse and representative infrastructure, the state of Mississippi was 
chosen as a primary location for initial implementation of SERRI programs. Through the 
Mississippi Research Initiative, SERRI plans to address weaknesses in dissemination and 
interpretation of data before, during, and after natural disasters and other mass-casualty 
events with the long-term goal of integrating approaches across the Southeast region. 

As part of its mission, SERRI supports technology transfer and implementation of 
innovations based upon SERRI-sponsored research to ensure research results are 
transitioned to useful products and services available to homeland security responders and 
practitioners. Concomitantly, SERRI has a strong interest in supporting the 
commercialization of university research results that may have a sound impact on 
homeland security and encourages university principal investigators to submit unsolicited 
proposals to support the continuation of projects previously funded by SERRI.  

For more information on SERRI, go to the SERRI Web site: www.serri.org.  
 
 

http://www.serri.org/�
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1. GENERAL INFORMATION 

1.1 Project Description 

The purpose of this research project is to build on existing quartz crystal microbalance 
(QCM) sensor technology to develop a small, modular detection system that provides 
on-site, real-time indication of water or air contamination by chemical toxins and biological 
pathogens. The major deliverable is a basic QCM diction unit small enough to be used by 
on-site first responders but also available in a version with the capability to transmit results 
via dedicated line, wireless or internet, to a central data logging site or observation station. 

1.2 Background 

The original premise of the project was to combine the advantages of two established 
detection technologies (immunological detection with antibodies and nano-mass 
measurements via quartz microbalance) to produce an easy-to-use but fast and accurate 
detector adaptable to a wide range of chemical and biological threats. Both technologies 
have been used previously and continue to be used to detect biological and chemical threats. 
However, production of appropriate antibodies in large enough quantities to make 
instruments simple and easy to use for widespread distribution among first responders 
requires long lead times and is extremely expensive. Recent advances in the design of 
recombinant antibodies and their production by methods akin to industrial fermentation 
have made the goal of rapidly producing large quantities of very sensitive and specific 
sensors a reality. Likewise, QCM technology has been available for a number of years but is 
usually configured using elaborate and delicate equipment that is unsuitable for in-field 
deployment. 

During the funding period we made great strides in developing both components of our 
detection instrument and learned several important facts about the system that, we feel, 
could improve the performance and applicability of the device with additional study.  
1. We generated a recombinant combinatorial phage display system that has been tested 

and shown to be suitable for producing antibodies to use in the QCM based devices. As 
a proof of concept, we have to date produced four antibodies that have the desired 
specificity toward a Bacillus species that serves as a simulant of the anthrax organism. 

2. We laid the groundwork for producing sensor modules for use with our field instrument 
prototype for measurement of chemical hazards and chemical warfare agents. 
Laboratory tests have indicated that QCM sensors constructed of nanoporous 
syndiotactic polystyrene (sPS) layers respond in a time frame and to a concentration 
range that are likely to be directly functional in our current prototype field instrument. 

3. Concurrently, we purified existing hybridoma based antibodies against Pseudomonas and 
used these to test our QCM amplifier, sensor, and controller software designs. These 
designs have been implemented into a working prototype field model instrument 
capable of detecting bacterial and viral pathogens using direct immunological binding. 
In the following sections specific accomplishments that support the major goals of the 
project are described in greater detail. 
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2. RESULTS 

2.1 Generation of a Pseudomonas-Specific scFv from a Hybridoma Cell Line 

The proposed work was initially based on the construction of a recombinant single chain 
variable fragment (scFv) antibody specific for the bacterial target Pseudomonas aeruginosa. 
This target was chosen largely due to the fact that our laboratory had a hybridoma cell line 
readily available (Ma1-6) that produces immunoglobulin G (IgG) antibodies specific for the 
target bacteria (Figure 1). It was believed that the genes for this antibody molecule could 
readily be isolated and combined into the scFv model and then readily expressed in a 
bacterial culture.  

 

 
Figure 1. Dot blot assay. Ma1-6 monoclonal antibody 

isolated from a hybridoma cell line tested against 
immobilized bacteria. 

 
The Ma1-6 hybridoma cell culture was used for the construction of the initial scFv. Using 

a series of polymerase chain reaction (PCR) techniques, the heavy and light chain genes for 
the IgG molecule were combined into an initial scFv. The genes were sequenced and 
demonstrated a sufficient degree of identity (83–97%) to known murine heavy and light 
chain sequences when compared to the Kabat databases. Initial trials with protein isolation 
encountered solubility complications, and the gene was therefore transferred into several 
alternative expression vectors and bacterial strains to optimize isolation of the scFv.  

Once soluble scFv was isolated, the activity of the molecule for the target bacterium was 
tested using an enzyme-linked immunosorbent assay (ELISA) and a dot blot assay. Both the 
ELISA and the dot blot methods of quantitating affinity had been previously demonstrated 
to be successful when testing the full-length IgG from the hybridoma cell line. The 
recombinant molecule, however, failed to demonstrate a sufficient level of signal using these 
methods. Suspecting some complication with the detection tag (c-myc) engineered into the 
terminal end of the scFv, the binding affinity was also examined using the QCM platform. 
As seen in Figure 2, this method of detection suggested some level of antigen binding by the 
purified scFv. 
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To potentially improve the solubility and antigen affinity of scFv, site-specific and 
random mutagenesis of the scFv gene were accomplished through PCR. Since the error-
prone PCR is a random process, it was necessary to use a high throughput method of 
isolating improved scFv from loss-of-function scFv. A phage display system was used and 
the mutagenized scFv gene incorporated into the phage vector for recombinant scFv 
expression. In addition to providing a method of screening and isolating scFv, the phage 
display system also simplified detection using different immunotags that were readily 
detectable using ELISA. While these scFvs demonstrated improved binding of the target 
antigens compared to the original construct, Figure 3, the intensity of the signal was still 
poor. This was attributed to difficulties in isolating a sufficient quantity of soluble scFv. 
 

 

A protocol for denaturing and renaturing the scFv from the bacterial expression culture 
was used to obtain a sufficient amount of protein for further affinity assays. An affinity 
purification technique was used following denaturation to isolate the scFv from the 

Figure 3. Mutangenized scFv 
affinity. Phage expressed scFvs 
from epPCR were compared to 
the original scFv for binding 
affinity to target and non-target 
bacteria. 
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remaining bacterial proteins, Figures 4 and 5. The purified protein was then renatured using 
stepwise dialysis to remove the denaturant and tested using the dot blot and ELISA assays.  

 

 

 
 

Again, the protein failed to demonstrate a sufficient level of binding affinity compared 
to the secondary antibody alone (Figure 6). Given the failures of the murine scFv model, an 
alternative method was used that would allow for analysis of a wider array of scFv 
molecules. 

2.2 Construction of a Recombinant Antibody Library 

The initial recombinant library was constructed from a rabbit host that was immunized 
with the bacterium Bacillus thuringiensis. This bacterium will serve as our initial target and 
could potentially allow for the isolation of scFvs that may demonstrate specificity towards 
conserved surface characteristics among other bacteria of the Bacillus genus. Our initial 
libraries were relatively small, 10^5 and 10^6 clonal; however, the literature suggests that 

Figure 4. Purification of 
insoluble mouse scFv. The scFv was 
purified using nickel-nitrilotriacetic 
(Ni-NTA) resin, and analysis was via 
12% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis.  

Figure 5. Immunoblot of scFv 
purification. ScFvs were identified 
using a 6xHis secondary antibody. 
The 34 kDa band is the scFv while 
the lower band is likely the result 
of protein degradation. 
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immunization of the rabbit before library construction significantly improves the probability 
of isolating an scFv specific for the target organism/antigen.  

To optimize the isolation of scFvs specific for bacterial targets, a high-throughput system 
of assessing specificity is currently used. The recombinant antibody library is maintained 
within a plasmid vector of a phage display system. This system allows for a pool of scFvs to 
be screened for only those antibody molecules that bind the target bacterium. Since the 
library is a random combination of antibody genes, a significantly large library should allow 
for the isolation of recombinant antibodies against a number of bacterial targets. 

 

 
 

2.3 Isolation of Recombinant Antibodies 

Isolation of scFv is accomplished through a process referred to as biopanning. Initial 
attempts to isolate a monospecific scFv for the Bacillus thuringiensis target proved largely 
unsuccessful using a standard biopanning protocol. In these initial trials, a number of 
recombinant antibodies were isolated that demonstrated affinity for the Bacillus target as 
well as several other non-target bacteria (Figure 7). While these scFvs are not monospecific, 
they may be improved upon through mutagenesis or may potentially serve some future 
aspect of development.  

To overcome our initial difficulties with the isolation of monospecific antibodies several 
alternate methods of biopanning were used. The greatest success was obtained using a 
process of negative selection in which phages that recognize common bacterial surface 
epitopes are removed via an initial incubation with a non-target bacterium. Those phages 
that do not bind to this initial bacterium are removed and then incubated with the target 
bacterium (Figure 8). This process is repeated over several days of biopanning to amplify 
only those scFvs that recognize a unique epitope on the surface of the target bacterium 
(Figure 9). This method proved very successful and allowed for the isolation of two different 
scFvs that readily bound Bacillus thuringiensis and demonstrated little interaction with the 
non-target bacteria examined.  
 

Figure 6. Dot blot assay of 
mouse recombinant antibody. 
Purified scFv was tested against 
dilutions of target and non-target 
bacteria. The scFv failed to bind 
significantly compared to the 
secondary alone.  
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Figure 8. Schematic of biopanning using negative selection. 
 

 

Figure 9. Rabbit scFv 
isolated using negative 
selection. The S25 scFv 
demonstrated nearly 
monospecific recognition 
of the Bacillus thuringiensis 
target. 

 

 

Figure 7. Rabbit scFv 
isolated using standard 
biopanning. K18 
demonstrated multiple 
specificities when tested 
against the bacterial panel. 
This scFv demonstrated 
significant solubility and was 
readily purified using a 
standard Ni-NTA 
chromatography method. 
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To date 15–20 scFvs have been isolated that demonstrate affinity for the Bacillus target. 
Of course, the final phage preparation could potentially have many other different clones 
that will demonstrate specificity for the bacterial target in a similar manner.  

Given the success of isolating a monospecific antibody for our target bacteria, work is 
currently underway to isolate a monospecific scFv for another bacterial target. Testing is in 
progress (biopanning) to isolate a recombinant antibody against Salmonella enterica, and 
other bacterial targets will be examined in the near future.  

2.4 Attachment of scFv to QCM Surface and Displacement Particles 

Given the small size of the scFv, conjugation to either the gold of the QCM surface or 
surface of the displacement bead may encounter complications that affect overall affinity of 
the scFv for its bacterial target. To compensate for this potential pitfall, the phage vector is 
being engineered to contain available functional groups for our standard conjugation 
chemistries. To date, the vector molecule has been modified to include a free cysteine 
residue that will allow for attachment to the gold surface and a free lysine residue that will 
allow conjugation to the displacement bead. By incorporating these residues at the terminal 
ends, the conjugation reactions can be targeted to a region of the recombinant molecule that 
is not directly involved in antigen recognition. This vector will be used in all future library 
constructions to allow simple studies such as surface plasmon resonance (SPR) that will 
better characterize binding affinities of individual scFvs. To date, the modified vector has 
been sequenced (Figure 10), and previously characterized scFvs (K18 and S25) are being 
incorporated into the new construct. 
 

 
2.5 Detection of Chemical Warfare Agents 

As part of the project proposal, a portion of the proposed detector was to use QCM 
sensor technology to detect dangerous industrial chemicals and chemical warfare agents. 
Our initial approach was to design a system that was highly sensitive to nerve gases, in 

k4            CCATGGCAAAGCATACCCGTACG 
k3            CCATGGCAAAGCATACCCGTACG 
c1            CCATGGCTGCGCATACCCGTACG 
Initial      CCATGGC------GCATACCCGTACG 
k1            CCATGGCAAAGCATACCCGTACG 
 
    AAA - Lys 
    TGC - Cys 
 

Figure 10. Sequence analysis of C-terminal modifications. 
The new constructs were sequenced by an external, commercial 
facility at the University of Maine and compared to the original 
vector sequence. All four of the sequences shown incorporated 
the new amino acid codon. 
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particular Sarin and Soman. The approach involved creating a family of simple organic 
ligands containing an oxime functional group and a disulfide functional group to act as the 
anchor to attach to gold nanoparticles (Figure 11).  

 

 
Figure 11. Proposed QCM based sensor. 

 
The contribution from Dr. Wallace was to synthesize a family of organic ligands that 

would form self-assembled monolayers (SAMs) on a gold surface to react with chemical 
nerve agents by monitoring frequency changes.The two required functional groups were 
coupled together by forming an amide bond (Figure 12). The commercially available 
α-lipoic acid and 4-amino benzalcohol or 4’-aminoacetophenone were coupled together 
using standard peptide reagents [1-hydroxybenzotriazole (HOBt) and carboimide] to form 
compounds 1 and 3, respectively. Compound 1 was oxidized to the corresponding aldehyde 
using manganese dioxide, a common oxidizing agent that works effectively for 
benzylacohols to form compound 2. Compounds 2 and 3 were then converted to either 
oxime or methyl oxime functional groups, compounds 4 to 7.  

The gold nanoparticles were prepared under standard experimental conditions. 
Gold(III) chloride hydrate was reduced to gold(0) with NaBH4 and the desired ligand 
(compounds 4–8). The solid gold nanoparticles were isolated and characterised by 1H 
nuclear magnetic resonance and infrared (IR) spectroscopy. The IR spectra of the gold 
nanoparticles show that strong hydrogen bonding interactions are occurring between 
adjacent molecules on the gold nanoparticles. The free ligands show a typical amide 
stretching frequency at 3,400 cm-1. The IR spectra of the gold nanoparticles show broadening 
of the amide functional group, attributed to the extensive hydrogen bonding (Figure 13).  

Unfortunately, due to the extensive hydrogen bonding occurring between the gold 
nanoparticles, there have been solubility problems associated with preparing the desired 
system (shown in Figure 11). The characterization of these hydrogen bonding networks has 
been studied by surface chemistry techniques (e.g., atomic force microscopy, transmission 
electron microscopy, and thermogravimetric analysis), and the findings are currently being 
written up as a paper. Nevertheless, efforts are still being pursued to break up the hydrogen 
bonding networks and investigate the QCM response agents with the ligands alone on a 
QCM disc (Figure 14). 
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Figure 12. Synthesis of ligands 4–7. 
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Figure 14. Ligand attachment to gold 
electrode of QCM system. 
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In summary, despite the solubility problems, which have made us rethink our original 
idea, good progress is being made towards the SAMs, as highlighted in Figures 14 and 15. 
Different organic anchors are also being investigated and are currently being studied.  

 
Figure 15. QCM plot of a SAM forming on 

the QCM disc. 
 

2.6 Polymer Clathrate Based Chemical Sensors 

The current research efforts are focused on development of a new, highly sensitive QCM 
based transducer which will be used in gaseous and aqueous environments for real-time 
detection of the presence of dangerous industrial and chemical warfare agents, in particular 
chloroform and sulfur mustard blistering agent. The proposed research is aimed at using 
nanoporous crystalline sPS as a sensing medium in conjunction with a QCM for detection. 
The crystalline polymorphism is the unique feature of sPS. This polymorphism comprises 
four main mesomorphs, a, b, g, and d. Both a and b crystalline forms exhibit a planar zigzag 
chain conformational order (TTTT) with identity period c = 5.1 Å. Two solvent induced g 
and d forms of sPS demonstrate s(2/1)2 helical chains having TTGG conformation with an 
identity period c = 7.7 Å by means of the δ crystalline lattice encaging guest solvent 
molecules (clathrated d form), while g is absent of guests. The crystalline densities of the a 
and d forms are 1.033 and 0.970 g/cm3 respectively, much lower than that of amorphous sPS 
(1.045 g/cm3). This is in contrast to regular polymer crystals which show an average density 
increase of 15–20% over the amorphous phase. The primary emphasis of this research 
revolves around the emptied d crystalline phase (de) possessing host guest interactions. 
Previous work has revealed the potential of nanoporous δe sPS to predominantly absorb 
halogenated low molecular compounds. In particular, Hodge et al. have shown the ability of 
the d phase to absorb 2-chloroethyl ethyl sulfide (CEES), a chemical warfare mustard gas 
simulant.1 Such characteristics make the d phase of sPS ideal for use as a sensing medium 
where mass uptake is recorded.  
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2.7 Sensing Element Preparation 

The focus of this task is to optimize the procedure for depositing a sPS film containing 
nanoporous δe on a quartz crystal and to develop a protocol which will guarantee the 
reproducible response properties of the transducers based on this system. 

Experimental results have shown the ability to successfully transform thin filmed 
amorphous sPS into the δe crystalline phase, capable of being used as a detector for 
dangerous industrial and chemical warfare agents. All samples were solvent cast using a 
0.5 wt % sPS-chloroform solution. To obtain coatings of varying uniform thicknesses an 
optimized process was established using spin coating. A sample thickness of 0.2 µm was 
used in all cases. It was found that increasing the thickness of the samples resulted in a 
dampening of the frequency shift due to intrinsic viscoelastic properties of the polymeric 
films. The resulting film is that of the clathrated δ crystalline form. The primary difficulty in 
preparing the δe crystalline phase of sPS is removal of solvent. Stepwise, supercritical carbon 
dioxide (SC-CO2) and carbon disulfide (CS2) solvent extraction techniques were researched 
to determine the most efficient method for solvent extraction. 

Upon fabrication of films at the specified conditions, wide angle x-ray diffraction 
(WAXD) and density measurements were conducted to verify the crystalline form. Figure 16 
shows the WAXD results for 200 µm thick samples using SC-CO2, stepwise, and CS2 solvent 
extraction procedures.  
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Figure 16. WAXD patterns for the δe 

crystalline phase of sPS obtained by various 
solvent extraction procedures. 

 
We demonstrated that all processes possess the δ form in accordance with the 

characteristic crystalline deflections at diffraction angles 2θ ~8.4, 13.3, 16.8, 20.7, and 23.5.1 It 
has been reported by Zhang et al.2 that as the clathrated δ phase (solvent containing δ phase) 
is transformed to the δe phase (emptied δ phase) the peaks at 2θ ~8.4 and 13.3 increase while 
the peak at 2θ ~10.1 decreases. These observations indicate that the samples conditioned in 
SC-CO2 and CS2 are void of chloroform while the samples treated using the stepwise 
extraction method still contain residual solvent. Results were confirmed by density 
measurements demonstrating that the stepwise solvent conditioned sample had a density of 
1.0413 g/cm3 (amorphous ~1.0479 g/cm3), the CS2 had a density of 1.035 g/cm3, and the 
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SC-CO2 conditioned sample had a density less than 1.02 g/cm3, closer to the density of pure 
δe phase sPS (~0.977 g/cm3). Therefore, SC-CO2 was found to be the most efficient method 
for removing residual solvent in the clathrated δ phase, with a final degree of crystallinity of 
32%. 

In an attempt to increase the overall sensitivity of the sensing medium a new method for 
sample preparation was proposed. This method uses the ability to create high degrees of γ 
phase crystallinity, through SC-CO2, to generate highly δe crystalline samples via crystalline-
crystalline solid state transitions. The preparation was as follows. A solution of 0.5 wt % 
sPS-CS2 was spin coated onto a gold plated quartz crystal. The resulting coating contained a 
completely amorphous structure as confirmed through WAXD. The amorphous sample was 
then converted to the γ crystalline phase through conditioning in SC-CO2 at 35°C and 
300 bar for 2 h. The sample was removed from the SC chamber and heated to 210°C for 1 h 
followed by an ice water quench cooling, resulting in a transition to the α crystalline phase. 
Submerging the sample in CS2 for 2 h at 23°C allows for conversion to the clathrated δ 
crystalline phase. A final solvent extraction in SC-CO2 at 35°C and 200 bar for 1 h results in 
the δe crystalline phase. 

Figure 17 corresponds to deconvoluted WAXD spectra for the various crystalline forms 
of sPS used to create δe phase sPS samples. High degrees of crystallinity were obtained via 
solid state crystalline transitions. Such high degrees of crystallinity could not be obtained 
through direct formation of the α and δ forms. Presumably the presence of the previously 
formed crystallite acts to assist the nucleation process through introducing surfaces suitable 
for development of the lattice structure of the stable phase. It has been shown that by 
increasing the nanoporous crystalline fraction we can obtain sensors of amplified sensitivity. 

Preliminary experiments were conducted to examine the experimental setup, which will 
allow measuring the parameters of the transducer in gaseous and liquid environments 
while exposed to chloroform and CEES chemical warfare agent simulant. These trials 
included measuring sensitivity, conducting selectivity tests, and determining static and 
dynamic response.  
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Figure 17. Deconvoluted WAXD spectra for the 

various crystalline forms of sPS. Metrological 
characterization of δe sPS coated QCM sensor. 
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Tests were conducted on a Q-Sense E4 QCM-D in both gaseous and liquid 
environments. In the case of samples tested in the gaseous environment frequency, f , was 
described by the Sauerbrey equation3: 
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where qρ  and qv  are the specific density and the shear wave velocity in quartz, 

respectively; qt  is the thickness of the quartz crystal; and m  is the mass per unit area of the 

added film. However, when the mass load is not rigid such as when the crystal is oscillating 
in a liquid, a modified relationship is required. To fit our data in liquid environments the 
“loaded viscoelastic film model” was used3: 
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and where 1h  is the thickness of the viscoelastic film; 1ρ  and 2ρ  are the density of the film 

and the bulk liquid, respectively; 1η  and 2η  are the viscosity of the film and the bulk liquid, 

respectively; and 1µ  is the elastic modulus of the film. 
Two characteristic frequency curves (where mass uptake is directly related to a decrease 

in frequency) of δe sPS coated sensors, treated under chloroform vapor and in solution, are 
shown in Figures 18a and 18b. For both sample preparation methods, 2-propanol was used 
as a control due to its lack of affinity for sPS. In the case of 41% δe crystalline samples 
conditioned in 2-propanol vapor, shown in Figure 18a, a shift of 15 Hz was observed. This 
frequency shift was only observed for the 41% crystalline sample and was not present in the 
other measurements. The shift was associated with condensation of the isopropanol on the 
surface of the sample. As observed, once the isopropanol vapor was evacuated from the 
chamber the baseline returned to normal. The time to reach an equilibrium concentration in 
the sample is quite long (~150hrs). Though the overall kinetics of absorption appears to be 
long, the response time is actually rather short. A frequency shift of 80 Hz 
(15.030g/100gpolymer) was observed within 10 min of vapor introduction. This result 
demonstrates that in practical applications a positive response to the presence of toxic 
industrial agents can be observed before equilibrium absorption. Finally, an overall shift of 
40 Hz (7.515g/100gpolymer) in the baseline has been obtained after equilibrium absorption. 
This shift can be attributed to low concentrations of chloroform vapor becoming trapped 
within the quadrapolar crystalline domains of the sensing medium. A study is underway to 
determine the reproducibility of the sensing medium after removal of the residual test agent 
through SC-CO2 extraction.  
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Figure 18. Corresponding change in frequency with time for crystalline δe at 41% 

crystallinity treated under (a) isopropanol vapor followed by chloroform vapor and 
(b) 10 mol % chloroform-isopropanol solution. 
 
A summary of the vapor measurements is shown in Table 1. Initial experiments on 32% 

and 41% crystalline samples demonstrated that sensitivity increased by 4 times through 
increasing the crystalline fraction. A direct correlation between crystalline fraction and 
sensor sensitivity cannot be made at this time. To determine this relationship a variation in 
the crystallinity percentage is required. Though this may seem like a straightforward 
endeavor, complications arise when samples containing low degrees of crystallinity are 
considered due to the propensity for the formation of clathrated δ crystallinity via mobile 
amorphous domains. The answer may lie in varying the syndiotactic nature of PS through 
different synthetic routes, which should be explored in greater detail though it is beyond the 
scope of this research. 

 
Table 1. Equilibrium-Sorbed Amounts of Chemical Agent at 25°C 

Sensing medium Testing agent 
Sorbed agent 
(g/100 gpolymer) 

Amorphous sPS   
 0.2 µm thick CHCl3 (vapor) 0.862 
 (CH3)2CHOH (vapor) 0.000 
 0.1-10 mol% CHCl3/(CH3)2CHOH 0.000 
   
δe sPS   
 32% crystalline CHCl3 vapor 7.532 
 (CH3)2CHOH vapor 0.00 
 0.1 mol% CHCl3/(CH3)2CHOH 0.00 
 1 mol% CHCl3/(CH3)2CHOH 0.598 
 10 mol% CHCl3/(CH3)2CHOH 2.763 
 41% crystalline CHCl3 vapor 33.155 
 (CH3)2CHOH vapor 1.750 

 
Table 1 shows a comparison of the mass uptake for various solutions of chloroform in 

isopropanol ranging from 0.1 to 10 mol % chloroform. Tests conducted on 32% crystalline 
samples indicated that the response was below the detection limit for concentrations less 
than 1 mol % chloroform. The tests also demonstrated that with 10 mol % chloroform in 

(a) (b) 
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2-propanol the mass uptake mainly takes place in the δe crystalline form and not the 
amorphous, as confirmed by the lack of frequency shift for the amorphous sample. We 
observed that no chloroform became confined within the nanoporous structure but rather 
showed a two stage desorption process (Fig. 18). The first stage desorption can be attributed 
to unbound chloroform existing near the surface of the material. The second stage can be 
attributed to confined chloroform that is released through the decrease in chemical potential 
energy related to concentration differences and a lower energy of activation associated with 
plasticized sPS amorphous domains. 

Future measurements will be conducted using a newly developed setup with a sparger 
system recently integrated into the QCM system. This new setup, which uses temperature 
and a nitrogen purge with adjustable flow rate to effectively vary vapor concentration, will 
be applied to accurately determine effective sensitivity over a broad range of concentrations. 
These tests will include the preferential absorption of CEES. 

2.8 Prototype Field Instrument 

Figure 19 shows the prototype biosensor in action.  

  

(a) (b) 

  

(c) (d) 
Figure 19. The prototype biosensor: (a) the prototype biosensor and external 

computer for real-time analysis, (b) testing an unknown solid sample, (c) sample 
analysis, and (d) real-time output. 
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Figure 19(a) shows the assembly with the external computer for real-time analysis, set 
up for a simulated “white powder” threat). In the first step the powder is wetted and 
aspirated into a disposable syringe [Figure 19(b)] which is then used to introduce the sample 
into the sensor cell which is housed in a disposable, self-contained plastic module 
[Figure 19(c)]. The sensing program is then activated by pressing a button on the amplifier. 
The operator then follows simple directions, which appear on the instrument LCD screen, 
for applying wash solution and waiting the proper time. After 5–30 minutes (depending on 
the sensor in use), a result is displayed [Figure 19(d)]. In the current version of the 
instrument the result is displayed more simply as a red or green LED that provides a 
Safe/No Safe indication for the operator. 

3. FUTURE DIRECTIONS 

A major goal for this funding period was to increase traditional QCM sensitivity by 
using a mixed phase mass displacement mechanism based on antibodies conjugated to latex 
nanobeads. Although the studies are not complete at this time, all indications are that such a 
mechanism is unlikely to be suitable for use as a component of the system we envisioned 
and described in the original proposal. We have observed that the antibody-laden beads, 
when binding to the antigens attached to the QCM surface, behave in an unexpected 
fashion, appear not to displace from the QCM surface, and do not result in a mass reduction 
that can be reliably read by the oscillator/amplifier circuitry. Instead, upon addition of the 
beads during the production process and before exposure to target antigen, the crystal 
vibrates in a manner consistent with a loss of mass. This result is exactly opposite of what is 
predicted by the Sauerbrey equation and the most currently held QCM theory. We have 
used SPR measurements to ensure actual attachment of the latex beads. Careful examination 
of the literature and additional experimentation on our part have led us to conclude that the 
beads in a liquid environment modify the viscosity of the solution at the crystal-liquid 
interface in such a fashion as to produce resonance effects that read as a mass loss using 
normal Sauerbrey logic. Consequently, loss of the beads through displacement gives the 
appearance of a mass gain that at this stage in our study is quantitatively unpredictable. 

While seemingly a setback, this observation has provided us with the opportunity to 
improve sensitivity of the system without the bead displacement mechanism. The current 
prototype can be used to quickly determine whether an unknown substance (e.g., the typical 
“mysterious white powder”) or liquid comprises a specific pathogenic bacterium (e.g., 
Bacillus anthracis, the anthrax causing bacterium) or virus (Figure 18b). However, to expand 
the system so that very low levels of pathogens can be detected, we propose to extend our 
experimentation to examine novel modes of mass change detection by manipulating the 
orientation of the attached antibodies relative to the direction of crystal oscillation. From 
rough calculations and rudimentary experiments, we feel that it is likely that a significant 
increase in sensitivity can be obtained and that this increase will be particularly helpful for 
measurements in the liquid phase. We have termed this novel method of QCM polling 
“Z-Sense.” If provided with sufficient resources to continue, we plan to begin efforts to 
develop the intellectual property potential of the mechanism and to proceed to apply the 
improved method to our current prototype. 

During the follow-on funding period we additionally wish to pursue extension of the 
current system’s utility by testing the fabrication of single crystal modules that contain 
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