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Abstract 

Easiness of weaponize pathogenic bacteria spores such as Bacillus anthracis is a potential 
threat to countries. B. anthracis spore containing suspicious mails sent after the 9/11 event 
in USA revealed the reality of this threat. This study presents an aminated-poly(vinyl 
chloride) (PVC-NH2) biosensor for simultaneous rapid detection of B. anthracis spores. 
PVC-NH2, as adhesive layer, coated with drop-down for monoclonal antibody (mAb) 
immobilization on gold (Au) quartz crystal. The prepared quartz crystal microbalance 
(QCM) sensor was tested under static addition procedure with 5 x 104 spores/mL of B. 
anthracis. Scanning electron microscopy (SEM) was performed to characterize the surface 
of the sensor during the modification and after the detection. It was concluded that B. 
anthracis spores can be accomplished using PVC-NH2 coated QCM sensors. 
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1     Introduction 

Easiness of weaponize pathogenic agents with the aim of theorist attacks is a potential threat to 
countries. We have already seen the destructiveness of such attacks and related fear they create, 
through incidents such as anthrax attacks by the the Aum Shinrikyo cult in Tokyo in 1995, the use 
of Salmonella in Oregon restaurants by the Rajneeshee cult in 1984 and the malicious release of B. 
anthracis spores with letters soon after September 11th [1,2]. 
 
B. anthracis, the etiological agent of anthrax, is a gram-positive, nonmotile, aerobic, facultative 
anaerobic, spore-forming, rod shaped bacterium. Dormant spores are highly resistant to adverse 
conditions including heat, ultraviolet and ionizing radiation, pressure and chemical agents. They are 
able to survive for long periods in contaminated soils and thus account for the ecological cycle of 
the organism. In a suitable environment spores reestablish vegetative growth [3,4]. There are three 
types of human anthrax known: gastrointestinal, cutaneous, and inhalation anthrax. In cutaneous 
anthrax, spores infect via skin abrasions, i.e., bacteria are usually contained at the site of entry, and 
the disease generally resolves without major consequences. Gastrointestinal anthrax, resulting from 
ingestion of spore-contaminated meat, is exceedingly rare, but often fatal. The most dangerous 
form, inhalational anthrax, results from inhalation of spores aerosolized in sufficiently small particle 



sizes (5-10 µm) to reach the alveoli. The inhalation anthrax is the most severe one because 99 % 
casualties occur in individuals who are not treated before symptoms develop [5].  
 
The threat of B. anthracis spores as a bioterrorism agent has created an urgent need for a rapid real- 
time, highly selective and sensitive technique to detect the presence of anthrax spores. The 
traditional methods for detecting B. anthracis vegetative cells and their spores are mainly based on 
bacteriological, serology–immunological, and genetic methods [6]. Most of these methods are 
laboring and time consuming especially traditional approaches which involve the growing of the 
micro-organism on selective media for at least 24 h followed by morphological and biochemical 
analysis [7]. Hence, there is a need for a simple and inexpensive method for the detection of B. 
anthracis spores in real time. 
 
In this study, we prepared an aminated-PVC coated QCM immunosensor for simultaneous detection 
of B. anthracis spores. The prepared sensor was tested according to the static addition procedure. 
Furthermore, SEM was performed to characterize the surface of the sensors in variable steps during 
the modification and after the detection. 

2     Materials and Method 

2.1     Apparatus 

The QCM measurements were carried out in a Model 400A time-resolved electrochemical quartz 
crystal microbalance (CH Instrument, USA) linked to a computer equipped with electrochemistry 
software (CHI 400A). The software can record simultaneously ∆f-t. The frequency change, ∆f, is 
converted into the mass variation, ∆m, through the Sauerbrey equation [8]. Experiments were 
performed using Gold (Au) AT-cut quartz crystal with a fundamental frequency 7.995 MHz (area 
0.205 cm2), CHI127 Teflon detection cell kit. The elemental analyzer was a LECO CHNS-932 
instrument. IR spectra were obtained on a Perkin Elmer 100 FTIR spectrophotometer using ATR in 
the range of 4000–650 cm-1. SEM images were recorded on JEOL JSM-7000F Field Emission SEM 
apparatus. 

2.2     Synthesis of PVC-NH2

Aminated-PVC was synthesized in our laboratory by a modification of [9]. PVC (3.2 g) and 1,3-
diaminopropane (25 ml) were dissolved in 80 ml of methanol. The mixture was refluxed for 3 h. 
After cooling the reaction mixture to room temperature, the resulting product was washed 
successively with methanol, water, concentrated HCl, water and methanol, and dried. The 
polymeric product was finally extracted with THF. The elemental analysis of final product shows 
that, PVC was 10 % aminated. IR (ν cm-1): 3356, 3312 (NH2), 1672 (trans RCH=CHR), 1628 (CN), 
1566 (NH), 1487 (CH), 1465 (CH2) (Fig. 2.1). 
 

 
Figure 2.1: FTIR spectra of PVC-NH2 and PVC. 

 



2.3     Preparation of B. anthracis spores 

For this study a virulent strain of B. anthracis, isolated from an outbreak of anthrax which occurred 
in Turkey, was used as for spore production. Preparation of B. anthracis spores was done according 
to the work of Fasenella et al [10]. B. anthracis was cultured on tryptose agar at 37°C for 48 h. 
Then, it was followed by 2 weeks at 23°C. Sporulation was periodically monitored by using the 
Schaeffer-Fulton method. In this technique, when it was viewed under a microscope after the 
staining, the endospores appear green, while the vegetative cells are red or pink [11] (Fig. 2.2). 
When sporulation reached 95%, the vegetative organisms were inactivated by incubation with a 
suspension of 50% methanol–50% saline at 37°C for 1 h. For methanol elimination, spores were 
washed three times with saline and the pellet was suspended. The number of sporeforming units 
was evaluated by plating 10-fold dilutions in saline onto plate count agar plates which were 
incubated at 37°C for 48 h. Afterward, from a suspension containing about 3 x 106 spore-forming 
units per mL, dilutions of viable spores were prepared in saline on intended concentrations. 
 

 
Figure 2.2: Optical microscope image of B. anthracis spores used for this study. 

2.4     Immobilization of B. anthracis on QCM surface 

The quartz crystal was cleaned with fresh piranha solution [H2SO4:30% H2O2 (v/v) was 7:3] for 30 
seconds. Subsequently, the crystal was rinsed with distilled water (Milipore Milli Q system) and 
dried with N2. After cleaning up, the gold surface of quartz wafer was coated with 2 µL PVC-NH2, 
which was dissolved in dimethylformamide (HPLC grade) and incubated in room temperature for 3 
hours. Then the crystal was incubated with 3.8 mg/ml mAb against B. anthracis spore (Advanced 
ImmunoChemical Inc., USA) for 12 h at 4 °C. After each steps the QCM wafer was washed with 
MilliQ water. 

2.5     Detection of B. anthracis spores 

The detection of B. anthracis spores was carried out with QCM sensor according to the Static 
addition procedure given below: 
 
The QCM sensor was located onto the detection cell and equilibrated with 2 mL of phosphate 
buffered saline (PBS), pH 7.4, (Sigma-Aldrich, USA) buffer with one side of the crystal exposed to 
the solution, then 1 mL of B. anthracis spore solution, which containing 5 x 104 spore forming 
unit/mL was gently injected into the PBS buffer. Finally, the frequency shift of the sensor was 
recorded as a function of time until it reached a stable level. 



3     Results and conclusion 

After the spore injection was done and the system was stabilized, the anti-B. anthracis spore coated 
sensor made a permanent frequency shift about 150 Hz. We believe this baseline shift is a signature 
of the spore detection (Fig. 3.1). 
 
 

 
Figure 3.1: Response of the PVC-NH2-mAb coated QCM sensor 

 to the B. anthracis spore injection (raw data). 
 
After the detection of PVC-NH2-mAb functionalized QCM sensor for B. anthracis spores, we 
observed the crystal surface using SEM. Thereafter, we found the morphologies of B. anthracis 
spores captured by sensor surface, as presented in Fig. 3.2. 
 

 
Figure 3.2: SEM images of QCM surface after B. anthracis spore detection experiment. 

 
In this study, we have shown that the aminated-PVC coated QCM sensor functionalized with 
antibody against B. anthracis spores can be used under static addition conditions to detect in real 
time B. anthracis spores. 
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