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Whole-Cell Sensing for a Harmful Bloom-
Forming Microscopic Alga by Measuring
Antibody—Antigen Forces
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Abstract—Aureococcus anophagefferens, a harmful bloom-
forming alga responsible for brown tides in estuaries of the Middle
Atlantic U.S., has been investigated by atomic force microscopy
for the first time, using probes functionalized with a monoclonal
antibody specific for the alga. The rupture force between a single
monoclonal antibody and the surface of A. anophagefferens was
experimentally found to be 246 + 11 pN at the load rate of 12 nN/s.
Force histograms for A. anophagefferens and other similarly-sized
algae are presented and analyzed. The results illustrate the effects
of load rates, and demonstrate that force-distance measurements
can be used to build biosensors with high signal-to-noise ratios for
A. anophagefferens. The methods described in this paper can be
used, in principle, to construct sensors with single-cell resolution
for arbitrary cells for which monoclonal antibodies are available.

Index Terms—Atomic force microscopy, Aureococcus anophagef-
ferens, biosensors, force-distance measurements, single-cell identi-
fication.

1. INTRODUCTION

INGLE-CELLED microalgae play an essential ecological
role in aquatic environments as the producers of organic
material that constitutes much of the base of the food webs
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in these ecosystems [1]. Despite this usually beneficial role,
some microalgal taxa produce toxic or noxious substances
that can disrupt plankton community structure or function, and
result in significant ecological damage, economic loss, and
human health effects [2]. Detecting, predicting and ultimately
preventing these harmful algal blooms (HABs) are presently
major foci in environmental plankton biology [3].

Microalgal taxa have traditionally been identified by light and
electron microscopy based on morphological features of the cell
and its organelles. Unfortunately, many small species of algae
(cells 2—-10 pum in size) lack sufficient morphological detail to
enable their differentiation and identification. Therefore, our
knowledge of the diversity and ecological importance of these
species has only recently begun to advance [4]-[9]. For these
minute species, genetic and immunological markers remain the
only viable means of obtaining sufficient taxonomic characters
for identification and enumeration in natural water samples.

Among these latter approaches, genetic techniques have re-
ceived the most attention during the last decade. These methods
are powerful, but they generally require lengthy procedures and
fairly rigorous or stringent conditions (e.g., exact temperature
control). They also require the extraction of nucleic acids or
the introduction of compounds into the cells. Although less
extensively exploited in ecological research, immunological
approaches offer advantages over genetic techniques in that
antibody-based approaches typically are more forgiving with
respect to reaction conditions, and often target cell surface anti-
gens, obviating the need for extraction of cellular constituents
or permeabilization of cell walls. Thus, antibody-based ap-
proaches hold great promise for the development of in situ
techniques for assaying for the presence and abundance of
specific microalgae [10]-[13].

Early application of antibodies for the identification of algae
involved the use of polyclonal antibodies and epifluorescence
microscopy to identify several minute eukaryotic and prokary-
otic microalgae [3], [14]-[17]. These approaches have improved
in recent years to include the use of monoclonal antibodies, and
indirect detection techniques that provide the potential to dra-
matically increase the speed of analysis [18], [19]. Often, how-
ever, these techniques require abundances of the target alga that
are greater than typical abundances under nonbloom conditions.

Atomic force microscopy (AFM) is a powerful technique
used to image the morphology of surfaces at molecular, even
atomic resolution, as well as to study the physical charac-
teristics of the surfaces [20], [21]. Probing of interaction
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forces at the nanoscale has become possible, through exper-
iments such as stretching of proteins [22] and unzipping of
DNA [23], [24]. Biomolecular recognition studies have been
performed on various receptor-ligand complexes, such as
biotin—avidin [25]-[27], and antibody—antigen [28]-[36], as
well as molecules involved in cellular recognition [37]. At the
cellular level, the morphology of cells, their biocompatibility,
and preferential binding between cells and various surfaces
have been studied [38]. Estimates for turgor pressure as well as
other mechanical properties of cells have been obtained [39],
[40]. Limited probe-based cell recognition studies have been
done, such as imaging human red blood cells using an AFM
tip functionalized with Helix pomatia lectin, which is specific
for N-acetylgalactosamine-terminated glycolipids present on
the membrane surface of red blood cells [41], and studying the
morphology and height profile differences for an E. coli cell
imaged with a bare tip and a tip functionalized with antibody
[42].

Aureococcus anophagefferens is a minute (2—4 pm) pelago-
phyte alga that is the cause of recurrent harmful algal blooms
known as “brown tides” in coastal lagoons of the middle At-
lantic states [43], [44]. This noxious alga lacks flagella and other
distinctive morphological features. It is difficult to distinguish
from co-occurring species of algae, complicating its detection
in natural water samples and thwarting research to understand
the factors leading to these harmful blooming events.

In this paper we report the development of a highly sensitive
AFM-based method for identifying this alga. For the first time,
A. anophagefferens cells were immobilized onto a surface and
studied by AFM. We present proof-of-concept for a biosensor
device capable of identifying single, whole algal cells by using
force spectroscopy with AFM tips functionalized with mono-
clonal antibodies to surface antigens of the target alga.

Our work was conducted in the context of a large program on
networked, embedded sensing, with the specific goal of moni-
toring marine microorganisms. However, our results have much
broader applicability in the detection of single cells, algal or not,
for which monoclonal antibodies are available.

II. METHODS

A. Tip Functionalization With MAb

Silicon nitride AFM tips (NP-S, Veeco) were rinsed with
chloroform, and then cleaned by treatment with UV-ozone
for 30 min. (T10X10, UVOCS). The tips were rinsed with
deionized water, ethanol, and then dried with Ar or N». Then
they were placed on a glass coverslip and the coverslip was
placed in a solution of ethanolamine-HCIl in DMSO for 12 h.
Molecular sieves were used to remove any residual water from
the DMSO solution. The tips were removed from the solution
and rinsed with DMSO, ethanol, and deionized water. They
were then placed in a solution of glutaraldehyde (5%-10%,
v/v) in water for 1 h, and then rinsed with water [31]. Finally,
the tips were treated in an MAD [18] solution that was specific
for surface antigens of A. anophagefferens (8.5 ug/mL of MAb
in 100 mM phosphate buffer, pH 7.2) for 1 h, rinsed with
phosphate buffer, and then stored in phosphate buffer at 4 °C
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until use. Tips could typically be stored for several weeks after
they had been functionalized [28].

B. Algal Immobilization

Two immobilization schemes for fixing the brown tide alga
(BTA) (see Appendix for cell information) onto a surface have
been used in this study.

1) Surface MAb Method: A small piece of silicon
wafer (~ 1cm?) was treated with a 10% v/v solution of
polyethyleneimine (P3143-100 mL, Sigma) in deionized water
for 3 h, followed by the addition of 100 L. of MADb (66 pg/mL)
specific for A. anophagefferens cells. Approximately 1 mL of a
culture in late exponential phase (106 cell/mL) was added onto
the MAb-treated surface and left for 4 hours to allow cells to
bind to the MAD on the surface. The sample was then washed
with DI water to remove unbound cells from the surface.

2) Polycarbonate Method: Mechanical trapping of the brown
tide alga, Minutocellus polymorphus, and an unidentified 3 pm
alga (BT3) that was not A. anophagefferens but co-occurred with
it, was accomplished by trapping cells within the 2-pm-diam-
eter pores of track-etched polycarbonate isopore membrane fil-
ters (Cat. No. TTTP04700, Millipore). This approach was first
demonstrated by Kasas and Ikai [45] and subsequently used by
others [38], [46]. A membrane filter was placed inside a 13-mm
syringe filter holder (Cat. No. 09-753-10A, Fisherbrand). Two
milliliters of stock BTA solution (10° cell/mL) followed by
5 mL of DI water was gently injected through the filter using
a syringe. The membrane was removed from the holder and
washed with DI water and dried using a Kimwipe tissue. Fi-
nally, the membrane was fixed onto a glass microscope slide
using epoxy (6-Minute Epoxy, Tower Hobbies) which had been
precured 8 min. The last step is important because using uncured
epoxy will result in a membrane surface where epoxy will wick
through the pores and harden, which can look very similar to
algal cells when imaged by AFM.

C. AFM Imaging and Force Spectroscopy

The spring constants of the cantilevers were determined using
a standard software feature of the AFM (MFP-3D, Asylum Re-
search). AC mode imaging in PBS buffer solution was done to
locate cells bound on the MADb surface or trapped within pores
of the membrane filter as shown in Fig. 1. After the image was
acquired, force—distance (f—d) experiments were carried out by
switching the AFM into dc mode, relocating the tip over the
cell of interest, disabling the z- and y-direction scans, and then
tracking the deflection signal as the tip approached and retracted
in the z direction (normal to the surface), repeatedly, in a con-
trolled fashion. The f—d experiments were performed using a
z-direction travel distance of 500 nm and varying load rates
from 15 to 60 nN/s. The maximum load was set at 5 nN without
specifying additional residence time

Interpretation of f—d curves can be a complicated matter, par-
ticularly when multiple interactions between tip and surface are
involved. Much of the research in force spectroscopy until now
has been focused on resolving the binding force of single-mole-
cule, ligand-receptor interactions [47], [48]. In order to achieve
this, one needs to screen for individual f-d curves that corre-
spond to single binding events according to some criteria [29],
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Fig. 1. AFM topography image acquired in ac mode in PBS buffer solution,
showing a cell of A. anophagefferens protruding out of a 2-pzm pore of a poly-
carbonate membrane filter. The topography image is used to find the location of
the cell of interest for force spectroscopy experiments.

[49], [50]. Our focus is on building sensors with minimal data
processing requirements, and therefore the discrimination of the
force involved in the unbinding of a single antibody—antigen
complex is of secondary concern. We simply measured the final
rupture force in the retracting curves and ignored single anti-
body—antigen issues.

III. RESULTS

A. Algal Immobilization

AFM-based experiments require that the specimen to be
studied is fixed in position since it is being probed mechani-
cally during the imaging process. It is common to use surfaces
having specific properties or to modify the surfaces chemically
to immobilize biomolecules and whole cells [51], [52]. A.
anophagefferens proved to be a difficult cell to study because it
has no affinity towards most surfaces, whether these surfaces
are chemically modified or not. Even the use of a MAb-coated
silicon surface had limited success, since the algae were
easily detached from the surface in the AFM imaging process.
Mechanical trapping was therefore the method of choice for
immobilizing these cells.

B. Individual Binding Force for Single MAb—Ag Complex

Fig. 2, bottom (labeled A. anophagefferens), is a histogram of
rupture forces between a probe functionalized with the MAb to
the target alga immobilized by using the Ab method described
above. The histogram for the f—d rupture force taken at 12 nN/s
load rate exhibits a well-defined peak corresponding to a force
of 246 £ 11 pN, which is within the expected range for single
Ab—Ag bonds [28]. For these reasons, we believe that the data
in Fig. 2 corresponds to a single Ab—Ag interaction. To obtain

Control
(A. anophagefferens Ag site blocked)

Frequency

0 100 200 300 400 500 600 700 800 900 1000
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Fig. 2. Force histogram showing interaction between functionalized tip and
the surface of A. anophagefferens, and the control experiment where the
A. anophagefferens antigen sites have been blocked with MAb (Control).
Histogram bin size = 70 pN; load rate = 12 nN/s.

such a cleanly delineated peak, we had to prepare and test a
number of AFM probes; most of them produced less distinc-
tive histograms, as shown in Figs. 3 and 4. Fig. 2, top (labeled
“Control”), shows the histogram obtained after flooding the im-
mobilized alga with excess MAD, thereby blocking the antigen
sites on the surface of the alga. One can clearly see a reduction
in the average binding force. This confirms that the measured
rupture forces are due to MAb-algal interaction.

The linking system used to bind the MAD to the tip affects
the quality and performance of the probe in measuring specific
Ab-Ag binding events. Hinterdorfer et al. have used a flexible
linker based on polyethylene glycol (PEG) with length between
6 and 8 nm to give the Ab the flexibility needed to seek and
bind to the recognition site [28]. In our case, ethanolamine was
used as the linker. It has a relatively short length of approxi-
mately 2 nm and is less flexible than PEG. We expect that the
MADb, whose structure is unknown, was covalently attached to
the linker at varying locations on the Ab, where amine func-
tional groups are exposed. The specific attachment points may
influence how the Ab binds the Ag, and the measured rupture
forces. Because our ultimate goal is to detect whole algal cells,
we do not aim for force signatures having the resolution of single
molecule binding events. Rather, we take the opposite approach
and seek to attach many Abs to the probe-linker system, thereby
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Fig. 3. Histogram of rupture forces measured for MAb-functionalized probe
with a cell of A. anophagefferens measured at 60 nN/s. The histogram was
fitted using Gaussian curves to group the rupture forces. Group A, Group B,
and Group C can be attributed to nonspecific interactions, single MAb-algal in-
teraction, and double MAb-algal interaction, respectively. Bin size = 30 pN.
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Fig. 4. Histogram showing the effect of load rate on the rupture force
(bin size = 30 pN). Maximum load was set to 5 nN, z-direction travel distance
of the tip was 500 nm, with zero residence time at the point of maximum load.

increasing the chance that the Ab will interact with the surface
in a desired manner. The idea is to distinguish between spe-
cific recognition events versus unspecific ones, regardless of the
number of Ab—Ag complexes affecting the final rupture force.
Therefore, the rest of the force spectroscopy experiments de-
scribed below were performed using probes so prepared, and
without any probe selection tests.
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TABLE 1
LoAD RATE EFFECT ON RUPTURE FORCE GREATER THAN 100 pN

Loadrate . s
(nN/s) Contact Time (s) Binding Frequency > 100 pN (%)
15 0.57 90.04
30 0.28 91.76
45 0.19 69.52
60 0.14 61.82

C. Parameters Affecting Rupture Force

We studied the effect of load rate on rupture forces between
MAD and the alga’s surface. Fig. 3 shows a rupture force
histogram performed at 60 nN/s. One can distinguish three
groupings of unbinding peaks: a sharp distribution at less than
100 pN (“Group A”), a slight broader distribution at about
300 pN (“Group B”), and a very broad distribution at 600 pN
(“Group C”). We think that the grouping at less than 100 pN is
due to nonspecific interactions, the grouping at about 300 pN
corresponds to a single MAb-algal interaction, and the last
grouping at near 600 pN is associated with two such interac-
tions. Fig. 4 shows that a slower rate of pulling generally leads
to an increased number of unbinding events above 100 pN. At
the slowest load rate in Fig. 4 (15 nN/s), one can no longer
resolve the three groupings discussed previously. Slower load
rate corresponds to longer contact time between the probe
and the surface. Contact time is the duration of time that the
probe remains in physical contact with the surface during the
course of a force-distance experiment. One can calculate this by
doubling (to account for the approach and withdraw processes)
the time it takes the probe to reach the specified force load at a
given load rate. Table I shows clearly that longer contact times
result in more rupture events greater than 100 pN. We believe
that longer contact times allow for a greater number of specific
MAb-algal bonds to form between the MAb functionalized
probe and the alga’s surface.

Hinterdorfer’s 6-nm linker required approximately 1 ms to
properly bind to the receptor [28]. Because we used a relatively
short and rigid linker system, we believe that the time needed for
the formation of a MAb—algal bond will be affected. For estima-
tion purposes, if we use the formula presented in [28] and only
correct for the length of our linker, our antibody would need ap-
proximately 10 ms to find and bind the receptor (assuming that
the dissociation constant kD is roughly the same for both sys-
tems). The contact times reported in Table I are at least an order
of magnitude greater than the required time for an individual
MAD to bind a receptor. Therefore, we did not feel the need to
incorporate an additional residence time for the probe to be in
contact with the algal surface. The maximum number of rup-
ture forces greater than 100 pN occurs at load rates lower than
30 nN/s.

Load rate experiments are important because they establish
the acceptable load rate parameters to use for discriminating
between algal cells and other cells of similar shape and size.
We used load rates of 15 and 30 nN/s for the brown tide algal
recognition experiments, to maximize the specific binding
interactions. Fig. 5 shows histograms of rupture forces for tips
functionalized with Aureococcus-specific MAbs and (from
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Fig. 5. Histogram of rupture forces showing interaction between the AFM tip
functionalized with monoclonal antibody specific for BTA with various surfaces
(bin size = 30 pN). Significant binding forces greater than 100 pN are only
seen for the BTA cell surface.

TABLE II
BINDING FREQUENCIES FOR A. ANOPHAGEFFERENS AND OTHER SURFACES

Total Binding Binding
Cell or Surface Binding Frequency > 100  Frequency > 100
Frequency pN pN (%)
Aureococcus
Anophagefferens 371 337 90.84
Minutocellus 330 17 515
polymorphus
BT3 207 47 22.71
Polycarbonate 253 28 11.07

top to bottom) a naked polycarbonate membrane, BT3, and
Minutocellus polymorphus and A. anophagefferens cells, all
immobilized on the polycarbonate membrane. BT3 and Mino-
tocellus are algae of similar size as the brown tide alga, that
co-occur with it, and are optically indistinguishable from it.
Rupture forces below 100 pN can be attributed to nonspecific
interactions between the MADb and the surface being probed.
It is readily apparent that a significant portion of the binding
events greater than ~100 pN were unique to the surface of the
brown tide alga and not observed for other cells, as shown in
Table II.

It is known that the rupture force for MAb-algal interac-
tion can take on a spectrum of values depending on the load
rate, as first discussed by Merkel et al. [53]. They measured bi-
otin—streptavidin and biotin—avidin interactions ranging from 5

to 170 pN for load rates which were varied by six orders of mag-
nitude. Although we did not study the effects of load rate for
such a broad range, we did see indications that the measured
rupture forces taken at different load rates were consistent with
their finding. We measured the single interaction force to be 246
£ 11 pN, 252 + 24 pN, and 277 + 17 pN for load rates of 12,
45, and 60 nN/s, respectively.

IV. DiSCUSSION AND CONCLUSION

Our experimental results show that the rupture force signa-
ture attributed to specific and nonspecific interactions between
a MAb-functionalized AFM tip and a cell surface can be ex-
ploited for cell identification. For example, simply integrating
the force histogram binding events above a threshold set by the
nonspecific rupture forces (~100 pN in our case) will suffice to
detect the brown tide alga Aureococcus anophagefferens with a
high signal-to-noise ratio in the presence of other cells optically
indistinguishable from the target algal species.

The force signature is very dependent on the quality of the
functionalized probe, and it is difficult to control the number
and the orientation of the Abs. Research efforts in this field have
been traditionally focused on determining the binding force
between individual complementary molecular complexes [50].
Using dilute concentration of linkers as well as the antibody to
be covalently attached are some of the strategies for minimizing
the number of bound molecules. In our case, the AFM tip was
immersed in a 8.5-pg/mL MAb solution and allowed to react
for an hour. The radius of the AFM probe tip (5—40 nm for the
probe we used) is another factor that will determine the number
of bound biomolecules interacting with another surface in the
area of contact. Finding the tip radius is not a straightforward
process [40]. These issues make it difficult to estimate the
number of Abs that are attached to the AFM probe, but we do
know that it is greater than three, as shown in Fig. 5 (labeled A.
anophagefferens).

Contrary to efforts in minimizing the number of Abs func-
tionalized on the AFM probe, it may be more desirable to
have a large number of Abs to ensure that the results are
not significantly affected by variations in individual Abs or
their orientation. Our work establishes that a linker based on
ethanolamine, which is readily available and inexpensive, is
well suited for biosensing applications of the AFM. There are
advantages to using PEG as linkers [28], but PEG also has
disadvantages such as variation in polymer length, a time-con-
suming synthesis process, and purchase cost.

Detection and identification of microorganisms by force spec-
troscopy is inherently a method with single-cell resolution and
has several other features which could make it an attractive al-
ternative to other techniques used today. The MAb functional-
ized probe is robust and has a fairly long shelf life (~2 weeks).
Our experience shows that the functionalized probe, once pre-
pared, can be used to perform thousands of f—d experiments. All
of the three cell types we studied neither ruptured nor showed
any signs of damage after the force spectroscopy experiments
were performed. This suggests that the load of 5 nN is suitable
for work with cells of this type. With our approach, the amount
of MAD used is conserved because a single probe can be used
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repeatedly for many samples. This is in contrast to existing im-
munological methods in which the antibody is not recycled after
detection, as is the case for techniques such as ELISA and flow
cytometry. Detection time is comparable to other laboratory
techniques. About 100 f—d curves should be enough to deter-
mine with a high degree of confidence whether the cell is spe-
cific for the antibody bound to the probe. It takes approximately
2 s to obtain an f—d curve, or about 3 min for 100 f—d curves.
One can easily minimize this time by decreasing the load and
the travel length parameters while maintaining the same load
rate. We used 500-nm travel for our experiments, but one can
reduce that to 250 nm without affecting the rupture force mea-
surements. This will cut the detection time by half. The number
of f—d curves can also be reduced, for example by using max-
imum-likelihood detection, since the probability density func-
tions for A. anophagefferens versus nontarget algae hypotheses
are approximately known from the experimental histograms.

We envision a future in situ detection technology that lever-
ages the force spectroscopy methods being developed today.
MEMS technology can be applied to miniaturize and simplify
the in situ detection process. Note that AFM imaging of the sur-
face is not required if the cell positions are known in advance.
Micrometer-sized orifices at predefined positions on solid sup-
port can be microfabricated and pumps can be used to draw
a volume of the water sample into a detection apparatus. The
support will essentially act as a filter, trapping cells of interest
based on size. Multiple functionalized probes can be positioned
over orifices at known positions, and their deflection tracked
using cantilevers having piezoresistive sensors. This will speed
up the process and simplify the deflection measurements. After
the cells are tested, they can be removed from the orifices by re-
versing the pressure to dislodge them. The detector would then
be ready to make further measurements.

Finally, it is important to recognize that the sensing methods
described in this paper are not restricted to algae or other marine
microorganisms. They can be applied to any cell type for which
monoclonal antibodies are available. This may have a strong
impact on the detection of cells and microorganisms of impor-
tance not only for environmental monitoring but also for health
care applications. Both laboratory and in situ, or implanted (em-
bedded) sensing applications, can be envisaged.

APPENDIX
CELL PREPARATION

A. anophagefferens and other algae were grown and stored
with the following conditions:

Strain CCMP1794 of A. anophagefferens from Barnegat Bay,
NJ, was cultured in modified /2 medium at 20 °C under a
12: 12h light : dark cycle. Cells were harvested in the late expo-
nential phase, preserved with a final concentration of 1% glu-
taraldehyde, and stored at 4 °C in dark glass.

Minutocellus polymorphus is a Bacillariophyte that was iso-
lated from Great South Bay, NY, in 1986. It was grown in {/2
(4Si) under the same temperature and light conditions as A.
anophagefferens.

BT3 is an unidentified alga with spherical, nonflagellated
cells similar in size to A. anophagefferens. It was originally
isolated from Great South Bay, NY, in 1987 during a brown
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tide. It was grown in f/2 (—Si) under the same temperature and
light conditions as A. anophagefferens.

ACKNOWLEDGMENT

The authors would like to thank Dr. C.-A. Peng of the Mork
Department of Chemical Engineering and Materials Science at
the University of Southern California, Los Angeles, for helpful
discussions.

REFERENCES

[1] P. G. Falkowski and A. D. Woodhead, Primary Productivity and Bio-
geochemical Cycles in the Sea. New York: Plenum, 1992, p. 550.

[2] D. M. Anderson, Y. Kaoru, and A. W. White, Estimated Annual
Economic Impacts From Harmful Algal Blooms (HABs) in the United
States. Woods Hole, MA: Woods Hole Oceanographic Institution,
2000.

[3] D. M. Anderson and J. S. Ramsdell, “HARRNESS: A framework for
HARB research and monitoring in the United States for the next decade,”
Oceanography, vol. 18, pp. 238-245, 2005.

[4] M. W. Fawley, K. P. Fawley, and M. A. Buchheim, “Molecular diver-
sity among communities of freshwater microchlorophytes,” Microbial
Ecol., vol. 48, pp. 489499, 2004.

[5] M. W. Fawley, K. P. Fawley, and H. A. Owen, “Diversity and ecology

of small coccoid green algae from Lake Itasca, Minnesota, USA, in-

cluding Meyerella planktonica, gen. et sp nov.,” Phycologia, vol. 44,

pp. 3548, 2005.

L. Guillou, W. Eikrem, M. J. Chretiennot-Dinet, F. Le Gall, R.

Massana, K. Romari, C. Pedros-Alio, and D. Vaulot, “Diversity of

picoplanktonic prasinophytes assessed by direct nuclear SSU rDNA

sequencing of environmental samples and novel isolates retrieved
from oceanic and coastal marine ecosystems,” Protist, vol. 155, pp.

193-214, 2004.

F. Not, R. Massana, M. Latasa, D. Marie, C. Colson, W. Eikrem, C. Pe-

dros-Alio, D. Vaulot, and N. Simon, “Late summer community compo-

sition and abundance of photosynthetic picoeukaryotes in Norwegian

and Barents Seas,” Limnol. Oceanogr., vol. 50, pp. 1677-1686, 2005.

[8] K. A.Phillips and M. W. Fawley, “Diversity of coccoid algae in shallow
lakes during winter,” Phycologia, vol. 39, pp. 498-506, 2000.

[9] A.Z. Worden, J. K. Nolan, and B. Palenik, “Assessing the dynamics
and ecology of marine picophytoplankton: the importance of the eu-
karyotic component,” Limnol. Oceanogr., vol. 49, pp. 168—179, 2004.

[10] L. Campbell, L. P. Shapiro, and E. Haugen, “Immunochemical char-
acterization of eukaryotic ultraplankton from the atlantic and pacific
oceans,” J. Plankton Res., vol. 16, pp. 35-51, 1994.

[11] L. Campbell, “Immunofluorescence method for the detection and char-
acterization of marine microbes,” in Handbook of Methods in Aquatic
Microbial Ecology, P. F. Kemp, B. F. Sherr, E. B. Sherr, and J. J. Cole,
Eds. Boca Raton, FL: Lewis, 1993, pp. 295-300.

[12] E. G. Vrieling and D. M. Anderson, “Immunofluorescence in phyto-
plankton research: Applications and potential,” J. Phycol., vol. 32, pp.
1-16, 1996.

[13] B. B. Ward, “Immunology in biological oceanography and marine
ecology,” Oceanography, vol. 3, pp. 30-35, 1990.

[14] D. M. Anderson, D. M. Kulis, and E. M. Cosper, “Immunofluorescent
detection of the brown tide organism Aureococcus anophagefferens,” in
Novel Phytoplankton Blooms: Causes and Impacts of Recurrent Brown
Tides and Other Unusual Blooms, E. M. Cosper, E. J. Carpenter, and
M. Bricelij, Eds. Berlin, Germany: Springer-Verlag, 1989, vol. 35,
Coastal and Estuarine Studies Series, pp. 265-294.

[15] L. Campbell, E. J. Carpenter, and V. J. Tacono, “Identification and
enumeration of marine chroococcoid cyanobacteria by immunofluo-
rescence,” Appl. Environ. Microbiol., vol. 46, pp. 553-559, 1983.

[16] L. Campbell and R. Iturriaga, “Identification of Synechococcus Spp in
the Sargasso Sea by immunofluorescence and fluorescence excitation
spectroscopy performed on individual cells,” Limnol. Oceanogr., vol.
33, pp. 1196-1201, 1988.

[17] L. P. Shapiro, L. Campbell, and E. M. Haugen, “Immunochemical
recognition of phytoplankton species,” Marine Ecology-Progress Se-
ries, vol. 57, pp. 219-224, 1989.

[6

[t

[7

—

Authorized licensed use limited to: University of Southern California. Downloaded on August 20, 2009 at 22:32 from |IEEE Xplore. Restrictions apply.



LEE et al.: WHOLE-CELL SENSING FOR A HARMFUL BLOOM-FORMING MICROSCOPIC ALGA BY MEASURING ANTIBODY-ANTIGEN FORCES 155

(18]

[19]

[20]
[21]

[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

(32]

(33]

[34]

(35]

[36]

[37]

[38]

[39]

D. A. Caron, M. R. Dennett, D. M. Moran, R. A. Schaffner, D. J.
Lonsdale, C. J. Gobler, R. Nuzzi, and T. I. McLean, “Development
and application of a monoclonal-antibody technique for counting Au-
reococcus anophagefferens, an alga causing recurrent brown tides in
the MidAtlantic United States,” Appl. Environ. Microbiol., vol. 69, pp.
5492-5502, 2003.

K. Nakanishi, A. Masao, Y. Sako, Y. Ishida, H. Muguruma, and I.
Karube, “Detection of the red tide-causing plankton Alexandrium
affine by a piezoelectric immunosensor using a novel method of
immobilizing antibodies,” Anal. Lett., vol. 29, pp. 1247-1258,
1996.

O. Marti and M. Amrein, STM and SFM in Biology. San Diego, CA:
Academic, 1993.

V.J. Morris, A. R. Kirby, and A. P. Gunning, Atomic Force Microscopy
for Biologists. London, U.K.: Imperial College Press, 1999.

B. L. Smith, T. E. Schaffer, M. Viani, J. B. Thompson, N. A. Frederick,
J. Kindt, A. Belcher, G. D. Stucky, D. E. Morse, and P. K. Hansma,
“Molecular mechanistic origin of the toughness of natural adhesives,
fibres and composites,” Nature, vol. 399, pp. 761-763, 1999.

G. U. Lee, L. A. Chrisey, and R. J. Colton, ‘“Direct measurement of the
forces between complementary strands of DNA,” Science, vol. 266, pp.
771-773, 1994.

R. Krautbauer, M. Rief, and H. E. Gaub, “Unzipping DNA oligomers,”
Nano Lett., vol. 3, pp. 493-496, 2003.

E. L. Florin, V. T. Moy, and H. E. Gaub, “Adhesion forces between
individual ligand-receptor pairs,” Science, vol. 264, pp. 415417, 1994.
J. Wong, A. Chilkoti, and V. T. Moy, “Direct force measurements of
the streptavidin-biotin interaction,” Biomol. Eng., vol. 16, pp. 45-55,
1999.

C. K. Riener, C. M. Stroh, A. Ebner, C. Klampfl, A. A. Gall, C. Ro-
manin, Y. L. Lyubchenko, P. Hinterdorfer, and H. J. Gruber, “Simple
test system for single molecule recognition force microscopy,” Ana-
Iytica Chimica Acta, vol. 479, pp. 59-75, 2003.

P. Hinterdorfer, F. Kienberger, A. Raab, H. J. Gruber, W. Baumgartner,
G. Kada, C. Riener, S. Wielert-Badt, C. Borken, and H. Schindler,
“Poly(ethylene glycol): An ideal spacer for molecular recognition
force microscopy/spectroscopy,” Single Mol., vol. 1, pp. 99-103,
2000.

R. Avci, M. Schweitzer, R. D. Boyd, J. Wittmeyer, A. Steele, J.
Toporski, W. Beech, F. T. Arce, B. Spangler, K. M. Cole, and D. S.
McKay, “Comparison of antibody—antigen interactions on collagen
measured by conventional immunological techniques and atomic force
microscopy,” Langmuir, vol. 20, pp. 11053-11063, 2004.

Y. Harada, M. Kuroda, and A. Ishida, “Specific and quantized antigen-
antibody interaction measured by atomic force microscopy,” Langmuir,
vol. 16, pp. 708-715, 2000.

S. Allen, X. Y. Chen, J. Davies, M. C. Davies, A. C. Dawkes, J. C.
Edwards, C. J. Roberts, J. Sefton, S. J. B. Tendler, and P. M. Williams,
“Detection of antigen—antibody binding events with the atomic force
microscope,” Biochemistry, vol. 36, pp. 7457-7463, 1997.

M. S. Wang, L. B. Palmer, J. D. Schwartz, and A. Razatos, “Evaluating
protein attraction and adhesion to biomaterials with the atomic force
microscope,” Langmuir, vol. 20, pp. 77537759, 2004.

P. B. Chowdhury and P. F. Luckham, “Probing recognition process
between an antibody and an antigen using atomic force microscopy,”
Colloids Surf. A, Physicochem. Eng. Aspects, vol. 143, pp. 53-57,
1998.

P. Hinterdorfer, W. Baumgartner, H. J. Gruber, K. Schilcher, and H.
Schindler, “Detection and localization of individual antibody—antigen
recognition events by atomic force microscopy,” Proc. Nat. Acad. Sci.
USA, vol. 93, pp. 3477-3481, 1996.

R. Ros, F. Schwesinger, D. Anselmetti, M. Kubon, R. Schafer, A.
Pluckthun, and L. Tiefenauer, “Antigen binding forces of individually
addressed single-chain Fv antibody molecules,” Proc. Nat. Acad. Sci.
USA, vol. 95, pp. 7402-7405, 1998.

J. K. Stuart and V. Hlady, “Effects of discrete protein surface inter-
actions in scanning force microscopy adhesion force measurements,”
Langmuir, vol. 11, pp. 1368-1374, 1995.

A. Touhami, B. Hoffmann, A. Vasella, F. A. Denis, and Y. F. Dufrene,
“Probing specific lectin-carbohydrate interactions using atomic force
microscopy imaging and force measurements,” Langmuir, vol. 19, pp.
1745-1751, 2003.

Y. F. Dufrene, “Using nanotechniques to explore microbial surfaces,”
Nature Rev. Microbiol., vol. 2, pp. 451-460, 2004.

M. Arnoldi, M. Fritz, E. Bauerlein, M. Radmacher, E. Sackmann, and
A. Boulbitch, “Bacterial turgor pressure can be measured by atomic
force microscopy,” Phys. Rev. E, vol. 62, pp. 1034—1044, 2000.

[40]

[41]

[42]

[43]

[44]

[45]

[46

[47]

(48]

[49]

[50]

[51]

[52]

(53]

X. Yao, J. Walter, S. Burke, S. Stewart, M. H. Jericho, D. Pink, R.
Hunter, and T. J. Beveridge, “Atomic force microscopy and theoretical
considerations of surface properties and turgor pressures of bacteria,”
Colloids Surf. B, Biointerfaces, vol. 23, pp. 213-230, 2002.

M. Grandbois, W. Dettmann, M. Benoit, and H. E. Gaub, “Affinity
imaging of red blood cells using an atomic force microscope,” J. His-
tochem. Cytochem., vol. 48, pp. 719-724, 2000.

T. Tanaka, N. Nakamura, and T. Matsunaga, “Atomic force microscope
imaging of Escherichia coli cell using anti-E coli antibody-conjugated
probe (in aqueous) solutions,” Electrochimica acta, vol. 44, p. 3827,
1999.

M. D. Gastrich, R. Lathrop, S. Haag, M. P. Weinstein, M. Danko, D. A.
Caron, and R. Schaffner, “Assessment of brown tide blooms, caused by
Aureococcus anophagefferens, and contributing factors in New Jersey
coastal bays: 2000-2002,” Harmful Algae, vol. 3, pp. 305-320, 2004.
C. J. Gobler, S. Deonarine, J. Leigh-Bell, M. D. Gastrich, O. R. An-
derson, and S. W. Wilhelm, “Ecology of phytoplankton communities
dominated by Aureococcus anophagefferens: the role of viruses,
nutrients, and microzooplankton grazing,” Harmful Algae, vol. 3, pp.
471-483, 2004.

S. Kasas and A. Ikai, “A method for anchoring round shaped cells
for atomic-force microscope imaging,” Biophys. J., vol. 68, pp.
1678-1680, 1995.

V. Vadillo-Rodriguez, H. J. Busscher, W. Norde, J. de Vries, R. J. B.
Dijkstra, 1. Stokroos, and H. C. van der Mei, “Comparison of atomic
force microscopy interaction forces between bacteria and silicon nitride
substrata for three commonly used immobilization methods,” Appl. En-
viron. Microbiol., vol. 70, pp. 5441-5446, 2004.

S. S. Wong, E. Joselevich, A. T. Woolley, C. L. Cheung, and C. M.
Lieber, “Covalently functionalized nanotubes as nanometre-sized
probes in chemistry and biology,” Nature, vol. 394, pp. 5255, 1998.
A. Raab, W. H. Han, D. Badt, S. J. Smith-Gill, S. M. Lindsay, H.
Schindler, and P. Hinterdorfer, “Antibody recognition imaging by force
microscopy,” Nature Biotechnol., vol. 17, pp. 902-905, 1999.

W. Baumgartner, P. Hinterdorfer, and H. Schindler, “Data analysis of
interaction forces measured with the atomic force microscope,” Ultra-
microscopy, vol. 82, pp. 85-95, 2000.

C.Zhu, M. Long, S. E. Chesla, and P. Bongrand, “Measuring receptor/
ligand interaction at the single-bond level: Experimental and interpre-
tative issues,” Ann. Biomed. Eng., vol. 30, pp. 305-314, 2002.

E. Ostuni, L. Yan, and G. M. Whitesides, “The interaction of proteins
and cells with self-assembled monolayers of alkanethiolates on gold
and silver,” Colloids Surf. B, Biointerfaces, vol. 15, pp. 3-30, 1999.
M. Mrksich, “What can surface chemistry do for cell biology?,” Curr.
Opin. Chem. Biol., vol. 6, pp. 794797, 2002.

R. Merkel, P. Nassoy, A. Leung, K. Ritchie, and E. Evans, “Energy
landscapes of receptor-ligand bonds explored with dynamic force spec-
troscopy,” Nature, vol. 397, pp. 50-53, 1999.

Alexander S. Lee was born in Seoul, Korea, in 1972.
He received the B.S. degree in biochemistry from
the University of California, Riverside, in 1997, and
M.S. degrees in chemical engineering and electrical
engineering from the University of Southern Cali-
fornia, Los Angeles, in 2001 and 2003, respectively.
He is currently working toward the Ph.D. degree in
chemical engineering at the University of Southern
California.

Mr. Lee was the recipient of the Seagate Tech-
nology Scholarship in 2000.

Mrinal Mahapatro was born in Orissa, India, in
1972. He received the B.A. degree in chemistry from
Rice University, Houston, TX, in 1995, M.S. degree
in biochemistry from Duke University, Durham, NC,
in 1997, and the Ph.D. degree in chemistry from
Cambridge University, Cambridge, U.K., in 2003.

He carried out a Postdoctoral Fellowship at the
Laboratory for Molecular Robotics at USC before
joining his current position as Senior Chemist at
Sierracin Corporation in Sylmar, CA.

Authorized licensed use limited to: University of Southern California. Downloaded on August 20, 2009 at 22:32 from |IEEE Xplore. Restrictions apply.



156

David A. Caron received the B.S. degree in micro-
biology and the M.S. degree in oceanography from
the University of Rhode Island, Kingston, in 1975
and 1977, respectively, and the Ph.D. degree in bi-
ological oceanography from the Massachusetts Insti-
tute for Technology, Cambridge, and the Woods Hole
Oceanographic Institution, Woods Hole, in 1984.

He is currently a Professor in the Department of
Biological Sciences at the University of Southern
California, Los Angeles. He has authored more than
130 scientific articles and book chapters on marine
and freshwater microbial ecology, with emphasis on the trophic relationships
between microalgae, protozoa and other microorganisms. Recent research
programs have focused on the physiology of Antarctic protists, the ecology of
harmful algae, and the development of molecular biological approaches for
studying the ecology of free-living microorganisms. Dr. Caron currently Chairs
the Department of Biological Sciences at the University of Southern California.

Prof. Caron is a member of the American Society for Microbiology (ASM),
the American Society of Limnology and Oceanography (ASLO), the Interna-
tional Society of Protistologists (ISOP), The Oceanographic Society (TOS), and
the Estuarine Research Federation (ERF).

Aristides A. G. Requicha (S’69-M’70-SM’78-
F’92-LF’05) was born in Monte Estoril, Portugal,
in 1939. He received the Engenheiro Electrotécnico
degree from the Instituto Superior Técnico, Lisbon,
Portugal, in 1962, and the Ph.D. degree in electrical
engineering from the University of Rochester,
Rochester, NY in 1970. He was a college and high
school Valedictorian.

He is currently the Gordon Marshall Professor
of Computer Science and Electrical Engineering at
the University of Southern California, Los Angeles,
where he also directs the Laboratory for Molecular Robotics. He has authored
some 170 scientific papers, and has served on numerous conference program
committees and journal editorial boards. His past research focused on geo-
metric modeling of three-dimensional solid objects and spatial reasoning for
intelligent engineering systems. Currently he is working on robotic manipula-
tion of nanometer-scale objects using scanning probe microscopes; nanorobot
components and nanorobotic system integration; fabrication of nanostructures
by robotic self-assembly; sensor/actuator networks; and applications in NEMS
(nanoelectromechanical systems) and nanobiotechnology. The long-term goals
are to build, program, and deploy nanorobots and networks of nanoscale
sensors/actuators for applications to the environment and health care.

Dr. Requicha is a member of the American Association for Artificial
Intelligence (AAAI), the American Association for the Advancement of
Science (AAAS), the American Academy of Nanomedicine (AANM), the
Association for Computing Machinery (ACM), the Association for Laboratory
Automation (ALA), the American Vacuum Society (AVS), the Society of
Manufacturing Engineers (SME), and Sigma Xi. He currently cochairs the
Micro and Nanorobotics Technical Committee of the IEEE Robotics and
Automation Society.

IEEE TRANSACTIONS ON NANOBIOSCIENCE, VOL. 5, NO. 3, SEPTEMBER 2006

Beth A. Stauffer was born in Marlton, NJ, in 1978.
She received the B.S. degree in marine science and
biology from the University of Miami, Miami, FL, in
2000.

She is currently a Research Technician and will be
a Graduate Student in the laboratory of Dr. D. Caron
at the University of Southern California, Los
Angeles.

EE Mark E. Thompson received the B.S. degree
in chemistry from the University of California,
Berkeley, in 1980 and the Ph.D. degree in chem-
istry from the California Institute of Technology,
Pasadena, in 1985.

He spent two years as an SERC fellow in the
Inorganic Chemistry laboratory at Oxford Univer-
sity. He took a position in the chemistry department
at Princeton University in 1987, as an Assistant
Professor. In 1995, he moved his research team to
the University of Southern California, Los Angeles,
where he is currently a Professor of Chemistry and the Chairman of the
Chemistry Department. His research program involves the study of new
materials and devices for electroluminescence, solar energy conversion, chem-
ical/biological sensing, and catalysis. His team, along with their collaborators
at Princeton University (i.e., S. R. Forrest et al.), have been responsible for
marked advances in the field of organic electroluminescence. Their pioneering
work in electrophosphorescence has led to device efficiencies that are close to
theoretical limits, and are rapidly being incorporated into commercial products.
In addition to his work in organic electronics, his group has an interested in
nanoscience and its application to biological problems. His team has developed
efficient nanobiosensors, methodology for the fabrication of large multiplexed
bionanosensor arrays, and is working toward the demonstrating fabrication of
nanostructures by robotic self-assembly; nanoscale sensor/actuator networks;
and applications in NEMS (nanoelectromechanical systems). He is the author
of approximately 175 papers in refereed professional journals and holds more
than 50 patents primarily in the areas of molecular and polymeric materials
for optoelectronic applications, organic thin-film devices, and heterogeneous
catalysis.

Chongwu Zhou received the B.Sc. degree from the
University of Science and Technology of China in
1993 and the Ph.D. degree from Yale University, New
Haven, CT, in 1999.

He was a Postdoctoral Research Assistant at Stan-
ford University from 1998 to 2000. In 2000, he joined
the faculty at University of Southern California, Los
Angeles, where he currently holds an Associate Pro-

/,\'_\ o~ fessor position in the Department of Electrical Engi-
neering—Electrophysics. He has published over 60
scientific papers in prestigious journals. His work has

received about 3000 citations and has been reported by Scientific American,

Physics Today, MRS Bulletin, and Science. His current research interests are

mainly on the synthesis and device applications of nanowires, carbon nanotubes,
and molecular wires.

Prof. Zhou has received many awards, including a National Science Founda-
tion CAREER Award (2002) and a NASA TGiR Award.

Authorized licensed use limited to: University of Southern California. Downloaded on August 20, 2009 at 22:32 from IEEE Xplore. Restrictions apply.



