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Abstract: We report single molecule fluorescence studies of the diffusion of individual multiple fluorophore-
labeled antibodies in solution, which show that a trapping potential of about 3.6 kg T can be obtained at
laser powers below 1 mW with resonant excitation. Individual antibodies can be trapped for up to 140 ms,
and bound antibodies can also be used to trap a single virion for up to 1 s. Selective resonance trapping
to sort and manipulate fluorophore-labeled biomolecules and complexes may be possible.

Introduction

The interaction of laser radiation with matter has been use
trap atoms and particles, and this effect is now widely used in
physics and biology-> A single focused laser beam can be
used as an optical tweezer to trap and manipulate a dielectri
particle toward the center axis of the focused laser without
mechanical contact, producing a trapping potential of abou

force. Hence the smallest reported trapped objects in solution,
g to date, are gold particles, down to 18 nm in diaméteAn

alternative is to use a laser close to an optical resonance of the
particle. Trapping and cooling has been demonstrated in the

cgas phase for sodium atoms by using a single Gaussian laser

beam close to resonantelt has also been suggested by

tAshkin18 that tuning closer to an optical absorption of the

8—10 kgT6° This has been exploited to manipulate viruses particle may lead to resonance enhancement in solution.

and bacterid&,"1° measure the forces exerted by molecular
motors!! manipulate cell organellé3,3probe the cell surface
by scanning small microspher&sand recently separate cells
in a microfluidic cell sortet> All these applications are based

on using a wavelength not absorbed by the particle so that there
is no damage to biological samples. Typically the laser powers

used are of the order of 31000 mW. Since the nonresonant

Resonance trapping requires lower powers and depends on the
properties of the electronic states being excited and not the
particle volume. It also offers selectivity in trapping. Resonant
trapping has been predicted theoretically, with enhancements
of between 50 and 10 000, depending on the electronic states
of the particle being excitet:20

The recent development on single molecule fluorescence

trapping force is proportional to the particle volume, it decreases detection provides sufficient sensitivity to detect individual
significantly for a particle of the size of tens of nanometers and fluorescent molecules under conditions of resonance excitation.

hence very high laser powers are needed to increase the trappinq:
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owever, since optimized filters and dichroics are needed in
these experiments to obtain sufficient sensitivity, tuning experi-
ments are very difficult to perform. Previous work showed some
evidence for biased diffusion of single fluorophore labeled
biomolecules of about 10 nm in diameter, when the fluorophore
is excited at resonance, indicating that the force produced by
the light was too small for trappird}:?2 However at 200 mw
laser power it was possible to trap long lambda phage DNA,
48 kilobases in length, with about 2400 YOYO dyes attached
and manipulate the DNAL Recently an alternative method,
based on a novel anti-Brownian electrophoretic trap has been
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developed to trap and manipulate beads of 20 nm in diameter
in two dimensiong? This can be potentially combined with

single molecule detection to trap molecules; however this _(
trapping would not be based on the direct interaction of o
resonance photons with the fluorophores attached to the
biomolecule.
Based on the previous work described above, we reasoned * J Fluorescence

that if we had multiple fluorophores attached to a nanometer _‘(

size particle excited at resonance, sufficient force could be o

generated to trap the particle. In this paper, we describe Y IgG
experiments on individual multiple fluorophore-labeled LP2-

IgG antibodiesy~4.0 x 8.5 x 14.5 nn? in size, studied in free X yd

solution using single molecule fluorescence. We then extended AN /
these experiments to demonstrate trapping of individual Herpes \\ e
Simplex Virions (HSV), 200 nm in diametét,using surface- \’V//

bound fluorophore-labeled antibodies. Coverslip

Experimental Section

Materials: The production of purified HSV virions and LP2-1gG Objective

antibodies has been described previodshAn Alexa-647 protein
labeling kit was purchased from Invitrogen (Paisley, UK). LP2-1gG
was labeled following the procedure described with the labeling kit,
and the level of labeling was determined by measuring the absorbance
at 280 and 650 nm. Two batches of the LP2-1gG antibody were labeled,
with the average labeling of 14 and 2.5 fluorophores per antibody,
respectively. All other chemicals and reagents used were purchased
from Sigmal-Adrich (Dorset, UK). Phosphate buffered saline (PBS,
10 mM phosphate, 150 mM NacCl, 2 mM NagNbH 7.4) was prepared
with MilliQ water (resistance> 18 MQ cm™). The virus sample was
sonicated for 3 min before dilution into PBS for measurement in order
to avoid any virus aggregation. The virus concentration in terms of
virus particles/mL was determined by electron microscopy using an
internal standard of latex sphef8sThis analysis also confirmed that ~ Figure 1. Schematic of apparatus used for resonance trapping (APD,
the sample only contained individual virions. avalanche photodiode).

Methods and Experimental Setup.The apparatus used to achieve
single molecule fluorescence detection has also been described in a 10 determine the mean diffusion time of antibody crossing the probe
recent publicatiofi? Briefly, a laser beam (633 nm model 25LHP151 Volume a 5 nMAlexa Fluor 647 labeled IgG sample was prepared in
He—Ne laser, Melles Griot) was directed through a dichroic mirror PBS buffer on a BSA-treated cover glass surface. The beam waist of
and oil immersion objective (Apochromat Q NA 1.40, Nikon) and the laser had been previously determifealnd fluorescence correlation
was focused mm into a 0.5 mL sample solution supported in a Lab- SPectroscopy was performed to measure the mean diffusion?time.
TeK chambered coverglass (Scientific Laboratory Suppliers Ltd, UK). These experiments were carried on at room temperatu26 {C) with
The size of the beam diameter on the back aperture of the objective the excitation laser power adjusted toAW. A bin time of 20us was
was measured to be 3 mm. Fluorescence was collected by the saméiSed, and the total time for one experiment was 3 min.
objective and imaged onto a 56n pinhole (Melles Griot) to reject Trapping of LP2-IgG was performed at a 50 pM concentration. The
out of focus fluorescence and other background. Red fluorescence wadrapping of virions was performed using 10 pM HSV-1 with 3 nM
filtered by long-pass and band-pass filters (565ALP and 695AF55, LP2-19G. Since the background in both experiments increases with laser
Omega Optical Filters) before being focused onto an APD (SPCM power, we used a threshold value 10 times higher than the mean
AQR-141, EG&G, Canada). The dark count rate for the APD was below background for all experiments. This criterion was chosen since it
100 counts per second. Output from the APD was coupled to a PC provided good discrimination from background without significant
imp|emented multichannel scalar card (MCS'P'US, EG&G’ Canada). reduction in the number of detected events. A trapped antibody was
The power of the laser entering the microscope was adjusted usingonhly counted if the fluorescence burst was longer than 2 ms, 4 times
Neutral Density Filters (Thorlab, UK) from 1@\ to 2 mW to perform longer than free diffusion. Only those fluorescence bursts lasting longer
the trapping experiments (70% of this incident power reaches the than 10 ms were counted as trapped viruses, 3.3 times longer than the
sample). Time bins of 0:110 ms were used for the experiments. free diffusion time. This slight difference in criterion is due to the
Shorter time bins, 0.1 ms, were used for accurate measurement of théjiscrete time bins available on the multichannel scalar board. For both
untrapped burst times at low laser powers and longer bins to measureexperiments the mean value of the trapping time was obtained from a

Telescope

b= 1]

633 nm

Dichroic *
Mirror

Dichroic
Mirror
Pin Hole e

“¥: Filters

the trapped burst times. 90 min experiment.
(23) Cohen, A. E.; Moerner, W. Bppl. Phys. Lett2005 86, art. no. 093109. Results and Discussion
(24) Grunewald, K.; Desai, P.; Winkler, D. C.; Heymann, J. B.; Belnap, D. M; . . . . .
Baumeister, W.; Steven, A. Gcience2003 302 1396-1398. A schematic of our experiments Is shown in Flgure 1, where

(25 IA'ir%aT'cTh;eﬁqhggbsz?é'; 4‘320&2355'-? Balasubramanian, S.; Klenerman, D. e ysed an inverted microscope with a focused-Ne laser
(26) Watson, D. H.; Russell, W. C.; Wildy, P. Wirology 1963 19, 250~ (633 nm) using ax60 1.4 NA oil immersion objective. This
@7) ZUGOH T Ying, L. M.; Green, J. J. Balasubramanian, S.; Klenerman, D instrument has been well characterized for single molecule

Anal. Chem2003 75, 1664-1670. measurement&.In these experiments we can analyze individual
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trapping efficiencies at higher laser powers to determine the

1000+ 1 corrected trapping efficiency. This corresponds to the fraction
; L of molecules that are detected to enter the laser focus and are
®  800- trapped. We also used these data at low power to determine the
5 corrected trapping efficiency when different trapping criteria
E were used. We note that if there is any trapping at/0laser
5 600+ 1 power then the corrected trapping efficiency will be underes-
3 1 i timated.
S 400+ For the antibody labeled with on average 2.5 fluorophores,
° s within experimental error the apparent trapping efficiency was
T 200- the same as the percentage of multiple recrossings at both 80
N uW and 750uW. This indicates negligible trapping. There are
0 T TELC T‘ no extended bursts. In contrast, for the same antibody with an
4740 4760 4780 4800 4820 4840 average of 14 fluorophores the corrected trapping efficiency was

3% at 80uW and increased to 8% at 750N. The mean
Figure 2. Trapping of individual LP2-IgG labeled with on average 14 apparent trapping time was 10 ms at@l and increased to
AIexa—647 fluorophores using a 633 nm Hie laser at 200tW power. 18.6 ms at_7_504W (see Table 1 for dependencg of Com_acu.ad
The threshold level used to distinguish events from background is marked trapping efficiency and mean apparent trapping time on criterion
o Il e, T 1 SanPle 1. e et 7 40 g o lent apped ). Trereare oy afew ong st
lTesibw the threshold level of 10 times the background. The burst time is 18 at 80uW, but at YSQuW W.e obsgrve_d many long bursts up to
ms in this example. There is a burst of an untrapped antibody at 4755 ms. 140 Ms, as shown in the insets in Figure 3. Note that the mean
burst time for the antibody, measured at low laser power, is
molecules as they diffuse across the laser probe volume, by0.5 ms. This is in good agreement with that predicted by simple
detecting the emission of fluorescence using an avalancheBrownian diffusion theory for the meantime taken for the
photodiode. Using fluorescence autocorrelation the beam waistantibody to diffuse across the laser beam focus. The extended
diameter for the 633 nm laser beam was previously measuredbursts up to 140 ms that we have measured are about 300 times
as 650 nm, close to diffraction limited spétsWe first longer than the mean diffusion time.
performed experiments on the individual LP2-IgG antibodies  The antibodies with 14 and 2.5 fluorophores would be
labeled with on average 14 Alexa-647 fluorophores which we expected to have the same distribution of burst times, in the
excited with 633 nm laser light (the absorption peak of Alexa- absence of any resonance trapping, since the fluorophores make
647 is at 650 nm, and maximum emission is at 668 nm). We a negligible increase to the size of the antibody and so would
also performed controls using the same antibody but labeled diffuse at the same rate. Furthermore, any nonresonant effect
with on average 2.5 Alexa-647 flurophores. would be the same on both antibodies. At each laser power,
Figure 2 shows some typical fluorescence intensity burst the data for the antibody with 2.5 fluorophores and 14
trajectories. One antibody spent 18 ms in the laser beam until fluorophores were also taken with the same thresholds, 10 times
the fluorescence was reduced, presumably due to photobleachhigher than the background, so this could not contribute to any
ing, down to the background level while another spent only 2 difference. However, we have clearly observed different dis-
ms. The burst times showed a continuous distribution, as showntributions of burst times, significantly longer bursts, increased
in Figure 3, and this distribution depended on the laser power trapping efficiency and increased mean apparent trapping time
used and number of fluorophores. when 14 fluorophores were on the antibody, and negligible
It is clear that the burst time histogram for the antibodies trapping with 2.5 fluorophores present.
showed a power dependence_. To analyze the ar_1tibody datain The Jaser power dependence of the mean apparent trapping
more detail we used the following method. We defined the burst jme of the antibodies with 14 fluorophores is shown in Figure
time as the duration of the fluorescence burst when it is above 4 |nstead of a linear dependence with laser power as expected
threshold. We used the arbitrary criterion that apparent trapping tor nonresonant trapping, we observed a nonlinear dependence
corresponds to burst time at least 4 times longer than the meanith 3 maximum at 75@W, due to excitation saturation of the
diffusion time. We use the word apparent since this criterion ,rophore, and then a decrease due to inactive fluorophores
may also include bursts that are long due to multiple crossing generated by additional photoinduced pathways. We observed
of the laser excited volume. The mean apparent trapping iMe 5t the mean brightness of an Alexa-647 fluorophore decreased
is the average of all burst times that are defined to be trappedgjqnificantly with high laser power and that the mean apparent
by this criterion. The apparent trapping efficiency is the fraction trapping time also decreased at high laser powers, supporting
of all bursts that are defined to be trapped by this criterion. the idea of additional photoinduced pathways at high powers
Even for free diffusion there will be some events that are (see Figure 4B). Experiments using glucose oxiéfsereduce
identified as trapped using this criterion, due to multiple yhoiapleaching produced no detectable effect on the power
recrossings of the laser probe volume. To correct for this we dependence of the mean brightness (data not shown). This
measured the burst histogram for the antibody with 2.5 g ,04eqts that photobleaching is not the cause of the decrease in

fluorophores at as low laser power as possibley where — ohiness so that other photoinduced pathways must be
we assumed that trapping was negligible, and determined the

appa_rent trgpping efﬁCienCy to be 2.0% usmg the above (28) Ha, T.; Rasnik, I.; Cheng, W.; Babcock, H. P.; Gauss, G. H.; Lohman, T.
criterion. This value was subtracted from all measured apparent” * M.; Chu, S.Nature 2002 419, 638-641.

Time (ms)
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Figure 3. Burst time histograms at 80W, panels A, and 75QW, panels B. The top panels are for the antibody with 14 fluorophores. The mean apparent
trapping time was 10 ms at 80V and increased to 18.6 ms at 76%/. Approximately the same number of events were observed in both measurements,

40 481 and 42 319 events, respectively. The insets show longer burst times. The bottom panels are for the antibody with 2.5 fluorophores where there was
negligible trapping at both laser powers. All data were taken with 2 ms time bins.

Table 1. Dependence of the Mean Apparent Trapping Time and Corrected Trapping Efficiency on the Burst Times Used to Define a
Trapped Trajectory for IgG and HSV?

trapped burst time >1ms >2ms >3ms >4ms >5ms >6ms
mean apparent trapping time for 12.3ms 18.6 ms 20.5ms 24.5ms 27 ms 29 ms
1gG with 14 fluorophores
corrected trapping efficiency 10% 8% 7% 6.5% 5.7% 4.8%
trapped burst time >5ms >10 ms >15ms >20 ms >25ms >30ms
mean apparent trapping time for HSV 180 ms 248 ms 295 ms 352 ms 411 ms 491 ms
corrected trapping efficiency 15.7% 13.3% 11.2% 9.6% 7.8% 5.9%

aBursts longer than this time were classified as trapped and used to calculate the trapping efficiency and mean apparent trapping time (see text for
details). The 1gG and HSV data were taken at 750 and/800 respectively.

important, although the absence of an effect of glucose oxidaseing occurs. Since we observed about equal amounts of both
is not definitive. Photoisomerization is one such possible burst types, it suggests that photobleaching is not the dominant
pathway as has been observed by Sauer and co-workers fomechanism of removal from the trap.

Alexa-647 attached to DNA? One possibility is that a fraction of the antibodies are
We examined a large number of trapped burst trajectories aggregates in solution, and it is these larger aggregates that we
(see Figure 5). We found there was no correlation between longare trapping. However, using two color single molecule
duration bursts and intensity; this is probably due to variation fjyorescence, we have previously studied IgG, under identical
in the number of fluorophores on different antibodies. Only sojution conditions as those used here, and only observed a small
about half of the long bursts had a tail due to photobleaching gmount of dimer and no higher oligoméfsFurthermore, the
(Figure 5, top panels), and the rest had a sharper tail (Figure 5,amount of the IgG dimers (2%) observed under these conditions
bottom panels). This is bgcause the m.°|eC“|eS can Iegve thes significantly lower than the fraction being trapped in these
probe volume for two main reasons. First photobleaching of gyperiments. Another possibility is the trapping is due to the
sufficient fluorophores will result in the force on the antibody heating effect, which would also depend on the number of
reducing to a level where it can escape from the trap. giached fluorophores. However the estimated temperature rise
Alternatively, there is a probability that the antibody can g only 0.01 K under the conditions of the experiment (see
overcome the trapping potential before significant photobleach- Supporting Information for details) and hence could not

(29) Heilemann, M.; Margeat, E.; Kasper, R.; Sauer, M.; Tinnefeld. Am. Cont_nbUte to th_e observed_ ”a_pp'_”g- Thus we conclude that we
Chem. So0c2005 127, 3801—3806. are indeed optically trapping individual IgG molecules.
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Figure 4. (A) Power dependence of mean apparent trapping time for the antibody with 14 fluorophores. (B) The dependence of the mean brightness of the
single Alexa-647 fluorophore as a function of laser power.
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Figure 5. Examples of trapped burst trajectories for the antibody labeled with 14 Alexa-647 fluorophores.

In normal optical traps the particle is trapped for sufficiently The time spent in the laser beam or trapping timeis then
long that analysis of the particle position or increasing viscous given by
drag can be used to measure the trapping potétitiais is not

S . . — - UlkeT

possible in our experiments due to the short duration that the T= 7€
antibodies are trapped, so we used the mean apparent trappin
time to estimate the trapping potential as has been used
previously in a situation of a weak trdpFollowing our previous
work,?? a particle randomly diffusing with thermal energyT
has a probability given by a Boltzmann factor, édfi{sT), of
diffusing out of a potentiadl caused by the focused laser beam.

?f U is set to zero then the time spent in the laser bearg, is
the time taken for free untrapped diffusion across the laser focus.
At 750 uW, the mean apparent trapping time for trapped
antibodies with 14 fluorophores is 18.6 ms and the untrapped
diffusion time, measured at low laser power, is 0.5 ms. This
gives a ratio ofr/t, of 37 and hence an estimate dfof 3.6

(30) Svoboda, K.; Block, S. MOpt. Lett.1994 19, 930-932. keT or 0.25ksT per Alexa-647 fluorophore. Thus the trap
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produced here is weaker than the usual criteria el@ kT A
but still significant, and further optimization of the fluorophore, 6000 4
the excitation wavelength, or number of fluorophores may ]
increase the trapping potential. It is also noteworthy that the
highest trapping efficiency we have observed, 8%, is comparable €
to the axial trapping efficiencies reported for microsphéte®

We then used the fluorophore-labeled antibodies to resonantlyss
trap HSV, a large enveloped virus about 200 nm in diantter.
The virus envelope contains over a dozen different glycopro-
teins, and one of them, glycoprotein D, binds to a monoclonal
antibody, LP23 We labeled the purified LP2 IgG with Alexa-
647 fluorophores, on average 14 per antibody. We selected a
molar ratio of antibody to virus of 300 since we found that the (] . s
number of surface-bound antibodies did not increase above 300. 200 400 600 800 1000
We observed three types of events. Background, low intensity Burst time (ms)
burst due to antibodies alone diffusing through the probe
volume, and two types of high intensity events, due to the B I 100
antibody-bound virus diffusing across the probe volume. We
defined a high intensity burst as a burst with a fluorescence
count rate at least 10 times higher than the average count rate
of an antibody alone (the main contributor to the background
signal). The majority of the high intensity bursts showed a mean
burst time of 3 ms, as expected for a particle of 200 nm diffusing
across the probe volume. However, some intense bursts wer
significantly longer, upd 1 s (see Figure 6).

A representative burst is shown in Figure 7A. This shows an
initial high fluorescence count that reduces with time until the
fluorescence decreases below the threshold and the virion is no 0 | HUITITT 7 by . pacan
longer detectable. This fluorescence decay is exponential, and 200 400 600 800 1000
a decay of similar shape was observed for the antibody alone, Burst time (ms)
supporting the assumption that both decays are due to photo-rye 6. Burst time histograms for HSV bond with300 LP2-1gGs (each
bleaching of the fluorophores. The dependence of the meaniabeled with on average 14 Alexa-647 fluorophores per antibody) excited
apparent trapping time of the long high intensity burst with laser with a 633 nm laser beam at (A) 100V and (B) 600uW. The mean
power is shown in Figure 7B. The mean apparent trapping time apparent trapping time was 140 ms for panel A and 248 ms for panel B.
increases nonlinearly with power, reaching a maximum at 600 was also performed to check this result. The factor of 30 increase
W, and then decreases significantly at 1 mW; this is similar jn the number of bound-antibodies only led to an increase in
to the power dependence observed with the labeled antibodymean apparent trapping time of about a factor of 5 (data not
alone?* Under maximum trapping conditions, about 13% of the shown). These results suggest that the force does not scale
HSV was trapped. simply with the number of antibodies. This is possibly because

The antibody binding makes a negligible increase in the virus the virion is a significant size compared to the width of the
particle size, only 5%, but for the trapped HSV the addition of laser trap, so the forces exerted on the labeled antibodies on
bound fluorophores leads to a significant increase in the burstthe virus surface may counter each other, leading to a
time, from 3 ms to a mean apparent trapping time of 248 ms at significantly reduced overall trapping force. However more work
600 4W, a factor of 80. Using the same method as that used is needed to explain this observation.
for the antibody, based on the average time the virus spends in  Optical trapping is based on the forces induced on a particle
the trap, gives an estimated trapping potential ofl¢® This within a focused laser beam. The dissipative scattering force is
trapping potential is only 20% larger than a single antibody. due to the spontaneous scattering of photons and depends on
An experiment with 10 and 300 antibodies bound to the HSV the optical intensity and points in the direction of the incident
light. The gradient force arises due to induced dipoles in the

ts
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(31) ;/\{gggthw- H.; Sonek, G. J.; Berns, M. VAppl. Phys. Lett1993 63, light electric field and points along the intensity gradient. To
(32) Felgner, H.; Muller, O.: Schilwa, MApplied OpticsL995 34, 977-982. trap a particle, the gradient force must exceed the scattering

(33) Minson, A. C.; Hodgman, T. C.; Digard, P.; Hancock, D. C.; Bell, S. E;;  force to generate a potential well that is deeper than the particle’s
Buckmaster, E. AJ. Gen. Virol.1986 67, 1001-1013. L .

(34) There is evidence that the average environment of the fluorophore changesKinetic energy. The effect of tuning close to resonance has been
on binding to the virus since the intensity of the fluorescence decreases by considered theoretically for a two-state sys&nClose to
50% on binding to HSV. The fluorescence signal increased linearly with . R . e
the number of antibodies, indicating no interaction between fluorophores resonance, the imaginary part of the polarizability is large and
on different antibodies, and then reached a plateau at 300 antibodies per ; i i
HSV virion. These observations suggest that fluorophores on antibodies changes sign on p_as_,smg throth resonance. For trapping of a
bound to HSV may not necessarily undergo photophysical processes at two-state system, it is necessary to tune the frequency below
the same rate as those on free antibodies and that this is one possible tatinn i
explanation for the steeper decline in apparent trapping time at higher laser resonance because when the excitation is tuned above resonance
powers observed for the virus. It is also a possible explanation of the
difference in photobleaching times for the antibodies on the virus and the (35) Agayan, R. R.; Gittes, F.; Kopelman, R.; Schmidt, CApplied Optics
antibodies alone. 2002 41, 2318-2327.
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A and that further work is required to understand the physical basis
12000 - . of the phenomenon. In particular it may be necessary to consider
the interaction between multiple fluorophores on the same
10000 - molecule.
Conclusions
8000 -

Our work provides more evidence for resonance optical
trapping of nanometer particles with an estimated trap potential
of about 3.6kgT, and it should be stressed that this is not
optimized. Although weaker than normal optical traps fl®

! ksT, the effect shown here is already sufficient for sorting
] applications in microfluidic devices where traps of only 4 ms
2000 'mm' "mmm"mmmﬂﬂﬂ"ﬂnmnﬂhmﬂmn" duration are requiretf In this case the use of channels smaller
36800 36;300 ' 37(')00 ' 37500 ' than the beam size could ensure that all molecules pass through
the trap and can be sorté8dThe work shown here indicates
Time (ms) that resonance trapping of nanometer size objects may be
B 300 possible opening up many intriguing possibilities. For example,
since fluorescence is widely used to detect and mark specific
250 { biomolecules using fluorophore-labeled probes such as antibod-
ies as used here, it appears that fluorescence detection could
200 4 /i straightforwardly be combined with resonance optical trapping

6000 -

4000

Photon Counts/10ms

for selective sorting and subsequent analysis of a range of
biological samples. For example, it may be possible to use
fluorophore-labeled antibodies as handles to first identify and
then selectively deflect down a channel specific larger objects,
such as molecular complexes or viruses, using resonance
excitation and hence sort complexes in a flow system. However
further theoretical and experimental work is required to under-
stand and increase the strength of the trap, and fluorophore
0 200 400 600 800 1000 photobleaching may be the ultimate limitation of this method.
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However all systems which have shown biased diffusion or JA056997T
trapping have been much more complex and have been excited
to the blue of the resonané®22.36-37 This is also the case for (36) gll.g%ien, D. L.; Kasianowicz, J. J. Phys. Chem. BR00Q 104, 6103~
this work where the excitation is blue-tuned from the maximum (37) Chirico, G.; Fumagalli, C.; Baldini, G. Phys. Chem. B002 106 2508

; } ; 2519.
absorptlon peak of the Alexa-647 dye by ?0 nm. Itis therefore ﬁ38) Foquet, M.; Korlach, J.; Zipfel, W. R.; Webb, W. W.; Craighead, H. G.
clear that these cannot be treated as a simple two-state model = Anal. Chem2004 76, 1618-1626.
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