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Lock-in by molecular multiplication
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A lock-in amplifier is physically realized at the level of fluorescent dye molecules. It is based on the
general property that the emission of a fluorescent dye is the product of quantum efficiency and
illumination intensity. For each pixel of a microscopic image, we measure in amplitude and phase
an environment property of the dye, such as conformation, membrane voltage, or temperature. This
lock-in implementation is highly parallel and reaches the ultimate photon shot noise limit. Using fast
temperature oscillations, we apply it to measure the opening/closing kinetics of a molecular beacon
(DNA hairpin) at 5 us resolution. ©2003 American Institute of Physics.
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Fluorescent dyes perform a multiplication between theiwith a slow detector, integrating over times larger than the
quantum efficiencyq and the illumination intensity., and  oscillation period 1b. Additionally we record the emission
report the result in their emission intensityFig. 1). We use | ,cc Under constant iIIuminatioheX=|$). Allowing for the
this multiplication to realize a lock-in at the level of single experimental recording backgrouhg,,s;, we expect the fol-
fluorescent molecules. It allows one to record, in amplituddowing emission intensitieb:
and phase, an oscillating quantum efficiency for each pixel ArAl

- - mAledo
of a charge-coupled devic€CCD) camera. Recording the l=————coga+¢)+2Ale0o+ 270l 2+ consy
guantum efficiencyg of the dye means imaging a wide va-
riety of oscillating environment propertie(q), such as
pH, calcium ion concentration, molecular conformation,
membrane potential, redox potential, or temperatuks.in Detailed analysis of Eq1) reveals that we can recover
any lock-in, we enhance the signal to noise ratio. The mairfom the five recordings the unknown amplitudieand phase
advantage of our approach, however, is the recording of a# Of t.he quantum efficiency(E) using the following ex-
amplitude and phase image. We demonstrate this for a DNRI€SSION:
hairpin under temperature oscillations and reveal its opening/ 4
closing kinetics for each pixel independently. Ae¥=— PREE—T P —T .

Our approach should not be confused with situations Tllo=T 1180 Slback 127077 190°™ < hack
where the illumination alone is modulated. In these cases, it We apply this lock-in to monitor the opening and closing
has been shown that photon counters with their high gai®f a DNA hairpin, also called a molecular beacon. Quench-
amplification are superior to analog lock-in approaches. ing between Cy3 and Dabcyl at the ends of the DNA is used
Our method also has to be distinguished from situations of 40 report whether the hairpin is opened or clos@dg. 2()].
modulated quantum efficiency under constant illuminationThe conformational change is induced by fast temperature
where a lock-in approach proved useftf.What we present oscillations from a focused infrared source with sinusoidal
here is a combination of both: we use a comodulation ofieating power at frequency 170 Hz in a Jm thick
illumination and environment. This allows us to drop thechamber[Fig. 2b)]. As a detector we use a slow CCD
requirement of a fast detector. We use a CCD camera wit§amera (12 bit, SensiCam, PCOthrough a microscope
exposure times much slower than the modulation frequency100x oil immersion, Axioskop, Zeigs The modulated epi-

The lock-in works as follows. We oscillate the environ- fluorescence illumination is performed with a high-power
ment propertyE at circular frequency. The goal is to mea- light-emitting diode (\=505+30 nm, lag<100 ns, cyan,
sure the unknown relative amplitude and phasep of the LXHL-LE5C, Luxeon which replaced the conventional
quantum efficiencyq(E), which we parametrize byq

=(o[ A sin(wt+¢)+1]. Requiring thag(E) is a linear func-
tion for the given oscillation oE, we can infer the amplitude W

and phase oE(q). We illuminate the dye using the upper

0
I hack= 2700l Eax) + 1 const: 1)

I 0° I 180° . I 270° | 90°

2

half of a sine given byl e,=Al @[ sin(t—a)lsin(t—a) Ervironment £ flumination lg (e
+19) with different phase laga. Note thatl ) is an experi- |_> 4_'
mental illumination offset an® (t) the Heaviside function. L= [a®)x1ga

A full sinusoidal illumination would only increase the num- Fluorescent Dye

ber of photons cycled through the dye without enhancing and slow detection

measurement information ok and ¢. We record the emis-  Fig. 1. Lock-in from molecular multiplication. The emissibrf a fluores-
sion intensityl , at phase shifter=0°, 90°, 180°, and 270° cent molecule is the product of quantum efficiergpyand illumination in-
tensityl,. We use this property to perform a lock-in measuremerg af
the molecular level. Many fluorescent dyes report environment propé&tties
dElectronic mail: braund@rockefeller.edu; mail@dieterb.de by changes in quantum efficiencfE).

0003-6951/2003/83(26)/5554/3/$20.00 5554 © 2003 American Institute of Physics
Downloaded 13 Jan 2004 to 129.187.254.47. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 83, No. 26, 29 December 2003 D. Braun and A. Libchaber 5555

(a) T Rabcy (b) (@) a=0° o = 90° o = 180° o = 270° Background

T L AGQ Fluorescence
T - 1171¢ Microscope =
T T Ty T 10um
T T — T .
1 Qil ’

T T TTT i -
AR LA S S £ F S Oil | Solution |

IEX( )

[
A Trp :
A Glass Coverslip
;E 4\ %
cg © Sinusoidal
Cy3 Dabeyl ovf IR Heating
Dark Bright

(b)

FIG. 2. Experimental setuga) The DNA hairpin has a Cy3 dye and a
Dabcyl quencher at opposing ends:’-Gy3-CTCTTCATTTTTTT
TTTTTTTTTTTTTTTTTTTTTTTTGAAGAG-Dabceyl-3. It forms either a

dark closed seven-base stem with a 30-base loop or a bright random coil
The 25uM hairpin was dissolved in 10 mM TRIS, pH 7.8, and 100 mM
NacCl. (b) Temperature oscillations are applied by infrared heating in a 10-
pm-thick water film between 17@im-thick glass coverslips, sealed with
immersion oil. Sinusoidal heating from a 1480 nm lageef. 11 (85 mW,

FOL1402PJX-317, Furukawaeposits 2.1 mW within a Gaussian profile of BT |
20 30

25 um radius. The cooling from the chamber walls allows sinusoidal tem- 0 10

. 280 300 320 340
perature oscillations up to 10 kHz. Amplitude [%] Phase [°]

(

halogen lamp of the microscope. It is driven by a laser
current sourcegILX Lightwave 3525 and a function ge-
nerator (Agilent 33120A. The sinusoidal output was
calibrated against a counting photomultipfeTo be sure 1 .
that linear bleaching does not perturb the results, we oot Y
add image duplicates of the recording sequence Radios [ym)  ©° ’
(|0°v|180‘;31|270°_v|90°v|backylback1|90°a|270°1|180°v|0°) using ! . 28 m an
LABVIEW © (National Instruments

The resulting five images are shown in Figa3 From
Eq. (2) we infer for each pixel independently the amplitude
A and phasep of the quantum efficiency [Fig. 3b)]. A
representative central pixel recordeby.=31820+240, 10° 100 1] 100 10 10° 100 10° 10 10t
1 90-=30930+210, |150=23340+170, | ,70-=23620+160, Frequency [Fiz] Frequency [rzl
and lp,k—=4400£70. The intensities are given in photon FiG. 3. Lock-in imaging using molecular multiplicatiote) Sinusoidal il-
counts based on camera specifications that one 12-bit coulyination is locked to a 170 Hz temperature oscillation. It induces oscilla-
cquals five detected photons. From B} we infer ampli (0.1 e cpenngclosns iy, o 8 DA e e
tude A=31.5-0.7% and phas@=318.91.2°. Errors are  ,—pe go°, 180°, and 270° together with a background imageDerived
standard deviations from a ¥@.0 pixel grid. Both amplitude lock-in images of amplitude and phase using E). (c) A radial average
and phase fall off toward the periphery of the cell due to heaghows how amplitude and phase drop toward the unheated periphery due to

i - heat transfer(d) Amplitude and phase of a central pixel drop as a function
transfer within water and the chamk[ﬁlg. 3(C)] of frequency as both temperature and DNA hairpin lag behind the heating

Earlier we showed that a photon counting lock-in oscillation. This reproduces independent measurements using a photon
reaches the photon shot noise with absolute amplitude err@punting lock-in recorded from a 1200-pixel central aremlid line)

100%A/P and absolute phase error 36QH, whereP is the ~ (Ref. 5.
number of detected photoRswith the aboveP=115000
photons, we expect errors of 0.3% and 1.1°. The phastunction h(w) over frequency based temperature jirtth
reaches the photon shot noise limit despite camera read-oderivations of a two-state equilibrium between the concen-
noise, but the error of the amplitude is twofold higher. Wetration of closed and opened DNA hairpif@] and[O] with
attribute this to thd . term which affects amplitude more the rate constants, andk_ :
strongly than phase. An error propagation calculation based
on Eq.(2) and Poisson distributions confirms this by yielding Ky d
0.8% and 1.4°. C=0, a[O]=k+[C]—k,[O]. 3)

A photon counting lock-if recorded from a central k-
1200-pixel region an amplitud@p,r=30.6-0.14% and a
phaseppyr=316.1%0.36°. This independently confirms the Since we perturb only the equilibrium, we use a first-
values of the molecular multiplication lock-in. The 1200-fold order expansion around the equilibrium to relate normalized
higher detection area, 20-fold shorter illumination time, andconcentration change{ C]/[C] andA[O]/[O] to the normal-
fourfold lower quantum efficiency account for the ized temperature changkT/T. Since closed and opened

O
~

— 10Hz —  10Hz
— 100Hz — 100Hz
——1000Hz

360 ——1000Hz

Amplitude [%]

Radius [um] 50

Amplitude [%]

J1200/(20<4)~4-fold smaller error. Both lock-in tech- states of the hairpin have different quantum efficiencies
nigues show equal results over a wide range of amplitudend B, both with a temperature sensitive compongntve
and phase values in a frequency s¢Big. 3(d)]. expect a fluorescence signBl= (af C]+ B[O x(T—Ty)

We apply the lock-in to detect the opening/closing time+1]. Based on this, we find the reaction transfer function

constant of a DNA hairpin. We calculate a reaction transfelhﬂw):
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Three fitting parameters are needed: the opening/closings
time constantr= (k. +k_)"!, an amplitudec, and a tem- o
perature background. They can be expressed by the gas _ soo-

constantR, absolute temperatur&, equilibrium constant £
K =[O]/[C], and reaction enthalpxH. & (CZ_

The measurements so far have recorded only the DNAS 400, £
hairpin fluorescenceAF/F=Aexp(¢). In the following 3 %
paragraph, we show how to record in a second fluorescenc& g
color channel the temperature chan§y@/T=A;exp(er). < 5 ; g’ el 'v
We can then infer for each pixel the reaction transfer func- 10’ 10° 10° 10* 200 300 400
tion h(w), in amplitude and phase, by dividing the two fereguRnEy izl Reagicn e silis]
lock-in measurements. Fitting to the theory in &) will FIG. 4. Opening/closing kinetics of a DNA hairpifs) The reaction transfer

reveal the opening/closing time constanThe measurement functionh(w) is recorded for each pixel by dividing lock-in measurements

of the temperature allows us to distinguish the lag of thegf th‘; hairp"; and the tempzra;‘”i dye BCE@E’IS}I- fEaCCT da:]a P?i“t isd
- g ased on only 80.000 recorded photons. It is well fitted with a first-order

DNA hairpin from the lag of the temp_erat_ure os<_:|llat|o_n. theory and an opening/closing time constantref330=15 us (solid line,

We measure the temperature oscillation by including 2%rror from fit. (b) A map of opening/closing time constants can be obtained.
uM BCECF (2',7'-bis{2-carboxyethy}5-(and-63- (c) A 100-pixel average in the center reveats 320 us with a standard
carboxyfluorescein, B-1151, Molecular Propehe quan- deviation of 47us and an error of the mean of .
tum efficiencyq of this dye records changes in pH which in
turn are triggered by a change in temperature in the TRIS0ise limit and compares well with photon counting
buffer (Tris(hydroxymethJAminomethang used'! This re- lock-ins® (3) Slow response times of detectors do not limit
action cascade is estimated to be faster than 10 ns and showgasurements at high frequencied.The approach corrects
a temperature sensitivity of=(Aq/q)/(AT)=-0.96%/K.  for inhomogeneous illumination and bleachiri§) Any en-
These measurements show at low frequencies a temperatwgonment that is reported by the brightness of fluorescent
amplitude of 5.3 K with 0° phase, decreasing to 0.9 K anddyes can be measured by the lock-in. We therefore expect
—85.2° phase at 5600 Hz. The heat transfer of water andiverse applications in biology, neuroscience and high-
chamber creates a lag between temperature and heatitigoughput screening.
which becomes increasingly apparent at higher frequencies.

For each pixel, the amplitude and phasén¢b) is mea-
sured over frequency. We show the result for a single centr
pixel in Fig. 4a). Equation(4) fits the measurement well and
gives 7=330+15 us, c=770+35%, andd/c=—0.22+0.03.
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