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Abstract

Rapid means of characterizing and detecting virus particles are very important for a wide variety of applications. We have used vaccinia vir
a member of the Poxviridae virus family and the basis of the smallpox vaccine, as the test case and characterized these particles using at
force microscopy and micron-scale cantilever beams, with the long-term goal of developing devices for the direct rapid detection of air-bor
virus particles. The cantilever beams, driven by thermal noise and a PZT piezoelectric ceramic, served as resonating sensors to measure the
of these virus particles. Two different size cantilevers were used, with dimensiongwofi 19 pm and 6um x 4 um. All cantilevers measured
approximately 200 nm in thickness. The resonant frequency spectra of the cantilevers were measured using a microscope scanning laser Dc
vibrometer before and after the addition of virus patrticles, and scanning electron micrographs were taken in order to quantify the number of vi
particles attached to the cantilevers. The change in resonant frequency as a function of the number of adsorbed virus particles was the basis
mass detection scheme. We have measured the average mass of a single vaccinia virus particle 1012 fipasd 7.9t 4.6 fg, obtained from
the larger and smaller cantilever beams, respectively, which is in the expected range of 5-10fg. The measurable mass sensitivity of cantile
driven by the piezoelectric ceramic is found to be an order of magnitude greater than the sensitivity of cantilevers driven by thermal noise. Thi
cantilever structures can be integral parts of biosensors for the detection of airborne virus particles.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tion (PCR). Although these testing methods are commonly used
and some of them, such as PCR and ELISA, are highly sensitive,
The ability to quickly and effectively detect biological agents they are often labor intensive and time consuning]. We pro-
such as virus particles is becoming increasingly important. Thpose the use of micro- and nano-scale cantilever beams as mass
recent SARS outbreak, anthrax scares, and concerns of biotafetectors that could be incorporated into a biosensor device to
rorism have further driven researchers to develop improvedetect biological agents such as virus parti¢8ls
methods of pathogen detection that are rapid, sensitive and eco- Cantilever beams have been used as micro-mechanical res-
nomical. Current virus detection methods include virus isolatioronant sensors to detect a variety of chemical and biological
using mammalian cells, virus neutralization assay, enzymeentities. They have been used to measure mercury vapor con-
linked immunosorbent assay (ELISA), electron microscopycentration[4,5] and discriminate volatile organic compounds
immunofluorescence staining assay, and polymerase chain red6;7]. Cells of Escherichia coli bacteria have been selectively
detected with antibody surface coated cantilever bei@®i,
* Corresponding author. Tel.: +1 7654966229; fax: +1 7654946441, and DNA strands have been detected by amplifying the mass
E-mail address: bashir@ecn.purdue.edu (R. Bashir). with nanoparticle§l0]. The applications of cantilever beams as
1 Luke Johnson was with the Department of Physicg, Luther College, Decresponant sensors are continuously increa[s:lﬂﬁ;
orah, IA 52101, USA and was an NSF REU Fellow with the Weldon School o iijevers with microscale length and width dimensions
of Biomedical Engineering, Purdue University, USA in Summer of 2004, when . .
and nanoscale thickness vibrate at a measurable resonant fre-

the work was performed. He is currently at Washington University in St. Louis, - : .
USA. quency due to thermal and ambient noise. The mechanics of a
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spring-mass system can be used to describe the resonant fre- 10 . I
quency of a rectangular cantilever beam: — Q=5
— — Q=500
1 [k 102
-~ ./~ 1 2
fo 27\ m* @ o
wherem™ is the mass of the cantilever expressed as a function =/ g
of the density of the cantilever material and its lendthyidth, %
w, and thickness, dimensions: 2
k)
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wherek is the spring constant: £
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andE is the Young's modulus of the cantilever material. WS x w5 g '
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Masses adsorbed on the cantilever surface cause a corre-
sponding decrease in resonant frequency. For a mass placed at
the free end of the cantilever beam, the change inmassin relatidtp. 1. Plot of the minimum detectable mass vs. the length of cantilever beam

to the change in resonant frequency can be given as with fixed width and thickness dimensions. The top line indicates cantilevers
with a quality factor of 5, while the bottom line is of cantilevers with a quality

k 1 1 factor of 500. The change in quality factor would be caused by driving cantilever
= P ? - ? , (4 resonant frequency vibration with a piezoelectric device.
1 0

wherefo is the initial resonant frequency, afidis the resonant  jinyjt of detection of the cantilever and improving its sensitivity.
frequency after the mass_addmon. This relationship betweenj our study, we examine cantilevers of two different sizes and
added mass_and change in resonant frequency forms the ba§5§‘amine the affects of driving them with a piezoelectric ceramic.
of our de_tectloq scheme. ) i We also explore the limits of cantilever sensitivity by mea-

_ The dimensions, density, and elastic modulus of the cang,,ing the mass of vaccinia virus particles. They are members
tilever beam determine its spring constant and in turn resonagf; i poxyiridae family, characteristic of large DNA genomes,
frequency. There is, however, a performance limitin agiven cana g form the basis of the smallpox vaccine. Vaccinia virions
tilever due to thermal limited noise, which corresponds to a min-, .o generally brick shaped with a size of 220-450 nm length
imum detectable frequency shift2]. This smallest detectable 140560 nm width and 140—260 nm thickness. They are assem-

Length of cantilever Beam (um)

Am

frequency shift can be described as bled in two infectious forms: the intracellular mature virus
1 \/m (IMV) and the extracellular enveloped virus (EMY)4]. The

Afmin = — (5) IMVformisa precursor to the formation of EMV virions, where
AY 2mkQ essentially an extra viral membrane is acquired through viral

wherekg is Boltzmann's constant] is temperature in Kelvin, Membrane wrapping in the trans-Golgi network (TGN) of a host
B is the bandwidth measurement of the frequency spegtia,  Cell's secretory pathwajl 5]. Both particles possess a genome-
the quality factor, and is the square root of the mean_s(warecontaining coat, composed of an array of highly cross-linked
amplitude of the vibratiori13]. From (5) it can be seen that individual protein subunitfl6]. Enclosed within the viral coat

if the quality factorQ, a measurement of the sharpness of thds linear, double stranded DNA;191 kb in sizg16]. The com-
frequency spectra peak, and the amplitude of vibratiprre plete sequencing of the viral genome has revealed 273 potential
increased, the cantilever will be able to detect smaller frequency
shifts and in turn smaller adsorbed masses. Combining(Bjs.
and (5) the minimum detectable mass change for a cantilever
can be given as

UL S— ©
7 \ (fo— Afmin)=  fo

Fig. 1 shows the theoretical minimum detectable mass change
of cantilevers with a fixed width and thickness with respect to
varying length measurements. The top line is for cantilevers with
a quality factor of 5, while the bottom line is for cantilevers with
a quality factor of 500.

We are able to change the quality factor and vibration ampli-
tude by using a piezoelectric device that augments the natural
resonant frequency of the cantilever beam, thereby lowering theig. 2. Electron microscope image of a vaccinia virus particle. Scale bars 1
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gene sites with-100 proteins identified to play some key struc-
tural role[17,18]. In addition, it has also been evident that DNA
replication and early transcription that occur in the host cyto-
plasm, all include proteins and transcription factors encoded
in the large viral genom§l9]. Bahr et al.[20] used quantita-
tive electron microscopy and calculated a median vaccinia virus
particle weight of 5.26< 10-1°g. More recent studies found
the mass of single vaccinia virus particles to be in the range of
5-10x 10159 [3,21]. Fig. 2shows a scanning electron micro-
graph of a typical vaccinia virus patrticle.

2. Experimental procedures

2.1. Virus preparatton Note: Not drawn to scale

Western-reserve strain of vaccinia virus, (obtained from SFig.3. Schematic of the measurement apparatus consisting of the laser Doppler
Broyles, Purdue University), was propagated in HeLa S3 cellsibrometer (LDV), controlled by computer interface for the measurement of the
and stored at-80°C until further processing as described pre-resonant frequency of the cantilever beams.
viously[22]. All cells and viruses were originally obtained from
American Type Culture Collection (ATCC, Manassas, VA). Cell : . .

: o ) .ambient noise were first recorded. The resonant frequency was

culture grown viruses were purified by either sucrose gradl:[hen matched by the piezoelectric device in order to augment
ent centrifugation (SGC) or SGC and filtration throughri

pore size nitrocellulose membrane filters. For the SGC, the CeIEantiIever vibration amplitude, and the frequency spectra were
o ) . ) ’ recor in. Larger cantilevers were driven with a vol f
lysates containing virus particles were layered on top of a sucro gcorded again. Larger cantilevers were driven with a voltage o

gradient, 5-15%, and centrifuged at 20,008 for 60 min after va’ while smaller cantilevers were driven at 10 V.

which the viral band was recovered and stored 80°C. Prior Next, 20pl of purified vaccinia virus particles at a concentra-

to each experiment, the virus samples were treated with shorttl-on of ~10° plaque forming units (PFl.J) per mlin distilled (DI)
. . : . o . water were introduced over the cantilever beams and let stand
wave ultraviolet light to neutralize the infectivity of the viruses

by cross linking viral DNA and the proteins for 30 min at room temperat.ure in a covered. Petri.dish. The
' cantilevers were then rinsed in ethanol and dried using CPD to

avoid stiction. The resonant frequency spectra were recorded

once again to obtain “loaded” resonant frequencies. Frequency

The fabrication of the silicon cantilever structures involvesSpectra of cantilevers driven by thermal noise and then the piezo-

hotolithography and chemical etching processes that are dig_lectric were recorded,
P graphy 9p Frequency spectra data were evaluated using MATLAB soft-

cussed in a previous publicatid]. The chip contains two : .
. . . .., ware. The number of virus particles adsorbed on the top surface
channels with arrays of cantilevers of varying lengths and widths . . L
; . . : of each cantilever beam was determined by observing images
but a uniform thickness of 200 nm. Two different sizes of can-

tilevers were used, the larger measuriag um in length and taken with a scanning electron micrograph (SEM). This num-

o . . ber was multiplied by two to account for virus particles that
~9um in width, and the smaller measuringé pm in length )
o may have attached to the bottom surface of the cantilever. The
and~4 pm in width.

. ' . . effective mass contribution of the virus particles was calculated
The cantilevers were first cleaned in a solution ; . o .
A ) . : . ; based on their relative position from the fixed end of the can-
(1:1=HyO2:HoSOy), rinsed in DI water, dried using a .. . . .
. . . tilever beam. The effective number of virus particles was plotted
critical point dryer (CPD), and then placed in an oxygen plasma e .
; . .~ versus resonant frequency shifts in order to determine the mass
etch for 30min at 300W and 1Torr. The chip containing fasi ) .
. : . a single virus patrticle.
the cantilevers was then placed on a Iead-zwconate-tltana%
(PZT) piezoelectric ceramic sandwiched between two Macor
insulating ceramic pieces. Wire leads soldered to both sides & Results and discussion
the PZT ceramic were connected to a function generator, which
controlled the frequency and amplitude of the piezoelectric3.1. Atomic force microscopy imaging of the virus particles
vibration. The chip was then placed on a glass-covered stage
with ambient conditions controlled by a slow, constant influx  Digital Instruments, Dimension 3100 atomic force micro-
of nitrogen gas. The cantilever resonant frequency was meacope with Nanoscope IV controller (Veeco, Santa Barbara, CA)
sured using a microscope scanning laser Doppler vibrometemd etched silicon tips with tip radius of 5-10 nm and resonant
(MSV300, Polytec PI, Auburn, MA) with a laser beam spot sizefrequency of 75 kHz were used for the image acquisition of the
of about 1-2um. Fig. 3shows the entire apparatus schematic. virus samples in air-dried conditions using tapping mode. Height
Before the virus particles were introduced to the cantileveiand phase images were collected and analyzed by using animage
beams, the “unloaded” frequency spectra due to thermal anahalysis program (WSxM, Nanotec Electronica, Madrid, Spain).

2.2. Cantilever fabrication and measurements
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Height images, depicting topographical maps, were gene.2. Thermal noise versus piezoelectric driven cantilever
ated by monitoring changes of the cantilever’s oscillation ampli-beams
tude caused by topographical features encountered by the tip.
Phase images were generated by mapping the phase lag betweerSeven larger cantilevers with lengths-e21 um and widths
the periodic signal that drives the cantilever and the oscillationsf ~9 um were used in this study and vibrated at an average
of the cantilever during an image scan. The approximate particleesonant frequency of 524 kHz. Quality factor values for each
density of vaccinia virus deposited on a 1 gl cm silicon chip  cantilever were calculated as a measurement of the peak ampli-
and imaged ex situ (air-dried) was1particles/ml. tude of vibration divided by the bandwidth of the frequency
The virus particles imaged using atomic force microscopyspectra at half the frequency peak amplitude. Thesalues
demonstrate increased average lateral dimensions of 460 nm lasere compared to those of the same cantilevers driven by the
411 nm, (two-fold than expected), as shownkilg. 4 How-  piezoelectric device at 1 ¥ig. 5compares the frequency spectra
ever, the height measurement shows an average decreased vadfia cantilever driven by thermal noise and then by a piezoelec-
of 83.4nm, (~1.5-2-fold) when compared to values obtainedtric device.Table 1shows clearly that driving the cantilevers
by cryo-SEM and EM of 110 and 150 nm, respectivigl,24] increases the quality factor by more than an order of magnitude.
This indicates that possibly the virus patrticles collapsed whileAs mentioned earlief) values play a critical role in determining
being air-dried due to surface forces, a phenomena also observidte minimum frequency shift that a given cantilever can detect.
by Malkin et al.[16], where the dehydration of vaccinia virions Fig. 6shows the theoretical minimum detectable frequency shift
resulted in a overall shrinkage of 2.2—2.5-fold in height dimen-for cantilevers driven by thermal noise and the piezoelectric
sion. ceramic.
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Fig. 4. AFM images of a single vaccinia virion. (a) Phase image showing details of the virus surface, (b) height image obtained from the AFM,gcli@nass-s
profile along AX, (d) cross-sectional profile along BBhowing lateral dimensions of 437 nm by 527 nm and a height of 83.5 nm.
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Quality factor values of cantilevers driven by thermal noise comparédvaues of the same cantilevers driven by a piezoelectric ceramic

Cantilever number

1 2 3 4 5 6 7
Thermal-drivenQ 11.91 10.85 9.03 11.63 13.06 13.92 14.50
Piezo-drivenp 163.91 390.59 391.82 242.65 596.33 707.14 400.46
sigs] constants. Eight cantilevers were used in this experiment with
- an average resonant frequency value of 5.51 MHz. Because of
) ——— thermal driven the low vibration amplitude when driven solely by thermal noise,
S 1857 | —— piezo driven their resonant frequency could only be measured after externally
2 =i driving them with the piezoelectric ceramiég. 7shows the fre-
= <85 ] guency spectra of a thermal- and piezo-driven cantilever beam.
8 Itis extremely difficult to determine the resonant frequency of
5 205 \ the cantilever given the thermal-driven frequency spectra shown
£ / in Fig. 7(a). This problem is overcome by driving the cantilever
£ 2054 at incremental frequencies until its resonant frequency is aug-
° il mented and a large peak forms as sedfign 7(b), from which
e . . . . the resonant frequency is determined.
500 520 540 560 580 600

frequency (kHz)

Fig. 5. Frequency spectra of a cantilever driven by thermal noise and by a piezo-
electric ceramic. The quality factor of the piezo-driven cantilever is significantly
greater than the quality factor of the same cantilever driven by only thermal noise.

Cantilevers driven by the piezoelectric ceramic were shown to
be clearly more capable of measuring smaller frequency shifts.
This sensitivity is important when measuring virus particles that
have a mass on the order of 79 g. In fact, these cantilevers
vibrating due to thermal noise only were not sensitive enough
to measure the mass of several virus particles. The average min-
imum detectable mass for these thermal-driven cantilevers was
580.5 fg, which would correspond to tens of hundreds of virus
particles. Driving the cantilevers, however, lead to an average
minimum detectable mass of 20.39 fg, which would correspond
to only several virus particles. Therefore in these experiments

Amplitude (in m/Hz1/2)

-

4
(=]
:

oy
<
@

_.
<
5

L . L . (a) Frequency(in Hz) x106
driving the cantilevers was requisite in order to achieve adequate
sensitivity. 104 . . . .
Smaller cantilevers with lengths of6 um and widths of
~4m have much higher resonant frequencies than the larger 1
cantilevers due to their smaller dimensions and higher spring 106 | ¢ i
— -
8 :
B :
10 = :
N 9 - E H
oI M £ 108t + i
© X 8 1 = ]
57 8 $
% Z 6 H thermal minimum 2 :
- 5 4 detectable frequency (kHz) =3
£ 4 B driven minimum detectable E
E é o | frequency (kHz)
£ g5
E 2 ? |
0 - T T T 10-12 1 1 . "
1 2 3 4 5 6 7 0 4 6 8 10 12
cantilever () Frequency(in Hz) x106

Fig. 6. The minimum detectable frequency shifts, calculated from the measureleig. 7. (a) The frequency spectra of . long cantilever beam driven by
0, for each of the seven cantilever beams when driven by thermal noise andthermal noise, and (b) the frequency spectra of the same cantilever driven by a

piezoelectric ceramic. piezoelectric ceramic at 10 V.
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Because of their higher resonant frequency values and larger
spring constants, the smaller cantilever beams are more sensitive
and can detect smaller masses. The average minimum detectabl¢
mass change for the smaller cantilevers is 1.42 fg, compared to
20.39 fg for the larger cantilevers. Therefore the cantilevers with
smaller dimensions are sensitive enough to detect individual vac-
ciniavirus particles, while cantilevers with larger dimensions are
less sensitive and would require the adsorption of multiple virus
particles on the cantilever to record any significant frequency
shift.

3.3. Virus particle mass detection

After virus particles were allowed to attach to the cantilevers
and the loaded resonant frequency data was recorded, scanning
electron micrographs (SEM) were taken of each cantilever beam (a)
in order to identify the number and location of all adsorbed virus
particles. The virus particles were identified as follows; (i) the
starting sample contained highly purified virus particles only.
Any cell debris was removed by sucrose gradient purification, :
(i) the characteristic brick shape and dimensions of the parti- 130 E

-+ Loaded with virus particles|’
Unloaded t 1

150

140 + 1

cles are very reliable indicators of the vaccinia virions, and (jii) @ ,,,| (fewes=55969kHz i |
we also occasionally labeled the virus particles with fluorescent & funicaded = 563.13 kHz :

stains that have affinity for DNA (vaccinia genome is DNA) 2 ''0f ‘ |
and lipids so fluorescence microscopy was used to verify if the § 100 |

particles were vaccinia virions.

Eq. (4) assumed the added mass to be on the free end of the
cantilever, so virus particles were weighted according to their
distance from the fixed end of the cantilever and summed. This 70
value representing the effective number of virus particles was s ® ; : . : .
doubled to account for particles that might have adsorbed onto 450 500 550 600 650
the other side of the cantilever. An SEM of a cantilever along (P) Frequency (kHz)
with the corresponding frequency spectra before and after Viruﬁg. 8. (a) Scanning electron micrograph of virus loaded cantilever beam, scale

loading is shown irFig. 8. bar is 5um, and (b) frequency spectra of cantilever driven by a piezoelectric
In this particular case, the effective number of virus particleseramic before and after virus loading. Cantilever dimensions: lengtw®21

was found to be 24.44. The frequency shift was calculated to baidth=9um.

3544 KHz, cfc])rrespgndri]ng tf(? amass che;)nge;)f256.95 fg'l DiViqilr:j%orresponding to a mass change of 164.10fg. According to this
the mass change by the effective number of virus particles yielog, ey er data, the mass of a single vaccinia virus particle would

10.51 fg, which is the calculated mass of a single virus particIeE)e 13.02fgFig. 11is a plot of the frequency shift versus the

accqrd_lng to this cantll_ever. . effective number of virus particles for each cantilever. From this
Similar data analysis was conducted for the remaining can-

tilevers. Fig. 9 shows the frequency shift plotted against the 45
effective number of virus particles for each cantilever. The plot

90

4 T—y=0.1615x-0.1176
is linear, indicating a direct correlation between the number a5 —— R2=0.6775 . .
of adsorbed virus particles and a decrease in frequency. From s :
the best fit regression line, the frequency shift corresponding o .

to five virus particles was calculated and divided by 5 to get
the mass of a single particle. The same was done for frequency
shifts of 10, 15, 20, 25, and 30 patrticles. All values were aver-
aged and the standard deviation was taken to determine the

2 .

1.5

*

frequency shift down (kHz)

average mass of a single vaccinia virus particle, which was 0.5
12.4+1.31g. 0 ; : : ; -

A similar process was followed for the smaller cantilever 0 ® 10 L =0 25 0
beamsFig. 10includes an SEM of one of the cantilever beams effective number of virus particles

and the correlatlng fr?quency spectr'a befor? and afte,r Vlrul"—sig. 9. Effective number of virus particles versus the shift down in resonant
QttaChment- The effective number of virus pa_rtlcles on this cangequency for each cantilever beam. Cantilever dimensions: lengtpm21
tilever beam was 12.60. The frequency shift was 91.14 kHavidth=9yum.
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-+ Loaded with virus particles i
Unloaded ¢
106 F t |
3
& 4
= foades = 3.53839 MHz ;
E funloaded = 3.62953 MHz =
[Rkal) : ]
£ :
3 :
E ;
100 |
£
<

(b) Frequency (MHz)

Fig. 10. (a) Scanning electron micrograph of virus loaded cantilever beam, scale
bar is 1um, and (b) frequency spectra of cantilever driven by a piezoelectric

ceramic before and after virus loading. Cantilever dimensions: lengttre,6
width =4pm. Arrows in (a) point to two virus particles.

250

y=10.783x - 43.774
R? = 0.8234

200

150 1

100 H

50 +

frequency shift down (kHz)

0 5 10 15 20 25 30
effective number of virus particles

Fig. 11. Effective number of virus particles versus the shift down in reso-

nant frequency of each cantilever beam. Cantilever dimensions: lengthrs 6
width=4pm.

data, the average mass of a single vaccinia virus particle was 1oz

calculated to be 7.2 4.6 fg.

4. Conclusion

mass of vaccinia virus particles. Piezo-driven cantilevers were
found to have quality factors an order of magnitude greater than
thermal-driven cantilevers, allowing for mass detection in the
femtogram range. The single virus particle mass calculated using
21pm x 9 um and 6um x 4 um cantilevers was 124 1.3 and
7.9+ 4.6 fg, respectively, which are consistent with the expected
range of 5-10fg. With such high sensitivity, cantilever beams
such as those used in this study are very promising for use
in biochemical sensors capable of detecting airborne virus
particles.

Despite the successful measurement of vaccinia virus parti-
cle mass, there are still challenges with the detection scheme
that need to be addressed and will be the impetus of further
research. These include, (i) reduction of non-specific binding
using blocking layers and antibody coatings, (ii) attachment of
viruses on other side of the cantilever which cannot be seen, (iii)
aggregation of virus particles and formation of clumps which
could be very large (one shown kig. 12, and (iv) collection
of virus particles only at the edges where the sensor response
is maximum. Work is underway in our group to address these
issues.

-+ Loaded with Virus Particles
Unloaded

10% [

107 L

et et e

108 L . 4
D = foares = 2.3746 MHz

—_— i fato = 4.5089 MHz

1010

Amplitude (in m/Hz1/2)

101

(b) Frequency (MHz)

Fig. 12. (a) Scanning electron micrograph of a large clump of virus particles

We have used cantilever beams as micromechanical resggached to a cantilever beam, scale bar s, (b) the resonant frequency
nant sensors, augmented by a piezoelectric device, to detect thigfted down significantly, corresponding to an added mass of 7026 fg.
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