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We present real-time detection of airborne Vaccinia viruses using quartz crystal microbalance
�QCM� in an integrated manner. Vaccinia viruses were aerosolized and neutralized using an
electrospray aerosol generator, transported into the QCM chamber, and captured by a QCM crystal.
The capture of the viruses on the QCM crystal resulted in frequency shifts proportional to the
number of viruses. The capture rate varied linearly with the concentration of initial virus
suspensions �8.5�108–8.5�1010 particles /ml� at flow rates of 2.0 and 1.1 l /min. This work
demonstrates the general potential of mass sensitive detection of nanoscale biological entities in
air. © 2008 American Institute of Physics. �DOI: 10.1063/1.2956679�

Detection of nanoscale airborne organisms in a sensitive
and rapid manner has been important for biological research,
public health, and homeland security applications. Conven-
tional bioaerosol detection techniques include culture-based
analysis,1 microscope-based methods,2 and conventional
polymerase chain reaction �PCR�.3 However, these methods
can require relatively long times for sample preparation, col-
lection, and analysis.4 Recently, several techniques such as
bioaerosol mass spectrometry �BAMS�,5 real-time PCR,6,7

and flow cytometry,8–10 have been developed. The BAMS is
a rapid, real-time, and reagentless technique that can sample
and analyze single cells, but it is most effective in the size
range of 0.5–7 �m.5 Also, real-time PCR has demonstrated
excellent capabilities of rapid sample identification and
quantification. However, this technique requires the target
analyte to be transferred to a fluid before analysis as well as
the use of expensive reagents and significant expertise. Simi-
larly, flow cytometry is very useful for rapid detection and
quantification of microscale biological entities in fluids and,
more recently, vibrating miniaturized channels have been re-
ported to detect viruses and nanoparticles via their mass in
fluids.10

The quartz crystal microbalance �QCM� has been com-
monly used to detect a variety of nanoscale target analytes in
liquid environment due to the advantages including simplic-
ity of operation, real-time output, and label-free analysis.11

The basic QCM operation is described by the Sauerbrey
equation where a mass change ��m� in the crystal results in
a subsequent change ��f� in its resonance frequency.

�m = − CQCM
�f

n
. �1�

Here, CQCM is the mass sensitivity constant
�17.7 ng cm−2 Hz−1 for the crystal used in this study� and n is
the overtone number �n=3 in this study�.12

In this paper, we present real-time measurements of air-
borne Vaccinia viruses using a QCM. Vaccinia viruses are
typically brick-shaped with an approximate size of 200
�200�250 nm3.13,14 Among numerous airborne microor-
ganisms, Vaccinia virus was chosen for this study due to its
robustness and resistance to environmental stresses. In fact
because of these properties, it is regarded as a possible bio-
terrorism or biowarfare agent.15 With this study, we demon-
strate the potential of the QCM as a mass sensitive device to
perform the detection of nanoscale entities in air. We use an
electrospray aerosol generator as a means to generate the
airborne virus particles.

Figure 1 shows a schematic of the overall experimental
setup consisting of an electrospray aerosol generator �model
3480, TSI, Inc., St. Paul, MN� and a QCM �D300, Q-Sense,
MD�. Highly charged airborne Vaccinia viruses were gene-
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FIG. 1. �Color online� Schematic of airborne virus detection system by
combining electrospray aerosol generation and QCM.
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ated under a gas mixture of Air and CO2 using an electro-
spray aerosol generator from a virus suspension. The gener-
ated airborne viruses were then neutralized by a Polonium-
210 source �Po-2042, NRD, Inc., Grand Island, NY�,
resulting in charge-equilibrated bioaerosols. These viruses
were transported into the QCM chamber and adsorbed onto a
gold-coated 5 MHz AT-cut quartz crystal �QSX 301,
Q-Sense, MD�, resulting in frequency shifts. A cleaned, gold-
coated QCM crystal was mounted into the QCM chamber
where constant temperature was maintained by a temperature
controller.

Figure 2�a� shows the QCM response to injection of a
virus suspension with a concentration of 8.5
�1010 particles /ml. As expected, the frequency decreases
due to the adsorption of the virus particles on the crystal. The
resulting 12 Hz frequency change corresponds to
70.8 ng /cm2 according to Eq �1�. Given that the area of the
QCM crystal is 0.7854 cm2 and the mass of the single virus
is approximately 9 fg,13,14 the number of viruses can be ap-
proximated to be 6.16�106. As an independent verification,
we used fluorescence microscopy to count the viruses on the
QCM chip. Figure 2�b� shows the fluorescent image of the
captured viruses in an area of 370.0�276.0 �m2. The vi-
ruses were stained by 3,3� dihexyloxacarbocyanine iodide
�DiOC63�, imaged under an epifluorescent microscope, and
counted using IMAGEJ. The imaging/counting was performed
on four different areas on the chip, yielding an average of
27478 viruses. Extrapolating this value to the entire area of
the chip yields 21.1�106 viruses. Considering the possibility
that other areas on the chip might very well have accumu-
lated fewer number of viruses and that Sauerbrey equation is
only an approximation here �since virus particles do not ex-

actly constitute a rigid film�,12 the two independently esti-
mated virus numbers are in reasonable agreement. Also
shown in Fig. 2 are scanning electron microscope �SEM�
images of Vaccinia viruses deposited onto a glass surface
directly from a virus suspension �c� and viruses captured on
the QCM crystal surface �d�, indicating that viruses remain
intact after the aerosolizing and capturing.

We also investigated the system’s response to variation
in the concentration of the virus suspension. Figure 3�a�
shows a time response of the QCM to injections of different
concentrations of aerosolized Vaccinia virus suspensions.
The viruses were diluted with aqueous 10 mM ammonium
acetate buffer �667404, Sigma-Aldrich�. After stabilization
with the buffer solution, six different concentrations of virus
suspensions �8.5�108–8.5�1010 particles /ml� were ana-
lyzed at a gas flow rate of 2.0 l /min. The buffer solution was
also injected as a control between the subsequent virus injec-
tions.

Figure 3�b� demonstrates the dependence of virus cap-
ture rate on virus concentration, indicating an approximately
linear relationship. Also, lowering the gas flow rate resulted
in lower capture rates. It should be noted that the minimum
detectable virus concentration can be approximated by con-
sidering the noise in the system, i.e., the capture rate signal
caused by virus-free buffer injection. For 2.0 l /min, the
noise level is approximately 0.0066 Hz /min, corresponding
to 1.93�109 particles /ml, which compares well with the
time response in Fig. 3�a� �the values were 0.0057 Hz /min
and 5.77�109 /mL, respectively, for 1.1 l /min�. The concen-
tration of airborne viruses generated at the capillary tip of the

FIG. 2. �Color online� �a�. Real-time
response of QCM due to Vaccinia vi-
ruses �8.5�1010 /ml� captured on a
QCM crystal at a flow rate of
2.0 l /min. �b� Fluorescence micro-
graph �370.0�276.0 �m2� of the sen-
sor chip �crystal� confirming the cap-
ture of viruses. �c� A SEM image of
Vaccinia viruses from a virus suspen-
sion before electrospray airborne par-
ticle generation. �d� A SEM image of
Vaccinia viruses captured on a gold
QCM crystal, where the white arrows
indicate the viruses. The inset shows a
single intact Vaccinia virus.
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aerosol generation system can be approximated by dividing
the product of the concentration of the starting virus suspen-
sion in fluid �viral particles/ml� and the suspension feed rate
�432 nl /min� by the gas mixture flow rate �l/min�.16 Consid-
ering that only a small fraction of the particles ��9.5% � out
of those generated at the capillary tip can reach the QCM
crystal,16 the minimum detectable airborne virus concentra-
tions over the quartz crystal are calculated as around 40 and
210 particles /ml at a flow rate of 2.0 and 1.1 l /min, respec-
tively, which are close to the detection limit
�10 particles /ml� by BAMS.17 The current detection limit
can be further improved by higher flow rates in combination
with secondary amplification techniques such as gold nano-
particle conjugation18 and/or the use of electric fields to at-
tract the viruses.16

In conclusion, we presented the capture of airborne Vac-
cinia viruses in real-time using a mass sensitive device. We
showed that the capture rate of airborne viruses measured by
a QCM was linear with virus concentrations and that it had
the potential for quantitative detection of airborne viruses.
Our future efforts will be focused on extending this system to
specific and selective detection of the airborne viruses. The
system demonstrated here can also be used to study the im-
pact of various aerosolized nanoscale entities on the environ-
ment and their interactions with living entities.
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FIG. 3. �Color online� �a� Real-time
measurements with different concen-
trations �8.5�108–8.5�1010

particles /ml� of virus suspension
where Vaccinia viruses were captured
on a QCM crystal at a flow rate of
2.0 l /min. �b� Variation of capture rate
of Vaccinia viruses with different
virus concentrations �8.5�108–8.5
�1010 particles /ml� at flow rates of
1.1 and 2.0 l /min. The lines indicate
linear fits.
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