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ABSTRACT

Single molecules can nowadays be investigated by means of optical, mechanical and electrical methods. Fluorescence
imaging and spectroscopy Yyield valuable and quantitative information about the optical properties and the spatia
distribution of single molecules. Force spectroscopy by atomic force microscopy (AFM) or optical tweezers allows
addressing, manipulation and quantitative probing of the nanomechanical properties of individual macromolecules.

We present a combined AFM and total internal reflection fluorescence (TIRF) microscopy setup that enables
ultrasensitive laser induced fluorescence detection of individual fluorophores, control of the AFM probe position in X, y
and z-direction with nanometer precision, and simultaneous investigation of optical and mechanical properties at the
single molecule level. Here, we present the distance-controlled quenching of semiconductor quantum dot clusters with
an AFM tip. In future applications, fluorescence resonant energy transfer between single donor and acceptor molecules
will beinvestigated.
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1. INTRODUCTION

An important challenge for nanoscale science is the direct manipulation of individual nanoobjects, combined with
simultaneous observation of the system’s response which can manifest itsef in properties like force, conformational
change and optical properties. The ambition to measure several physical properties of single nanoobjects at a time
requires the combination of conceptually different techniques which have evolved in the past decade. Especially the
combination of single molecule fluorescence detection and atomic force microscopy or spectroscopy holds great
promises for future investigation.

The observation of individua nanoscale behavior has greatly benefitted from the development of single molecule
fluorescence imaging and spectroscopy techniques® 2. Optical single molecule detection with low signal-to-noise ratios
isfacilitated by the illumination of small excitational volumes with laser light and collection of the emitted fluorescence
light via a high numerical aperture objective lens which is coupled to a suitable, highly sensitive detector such as an
aval anche photodiode, a photomultiplier tube, or an intensified charge-coupled device (CCD) camera. The confinement
of the excitational volume can be achieved via different approaches, the most important being laser scanning confocal
microscopy, where the fluorescence emission is focussed by a microscope lens through a pinhole aperture at the image
plane, scanning near-field optical microscopy?®, another scanning method which exploits the evanescent wave field
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emanating from a nanoscale aperture, and total internal reflection fluorescence (TIRF) microscopy. TIRF microscopy
also makes use of an evanescent wave field which is generated by total internal reflection of an incident laser beam at a
high refraction index to low refraction index boundary. Theillumination in TIRF microscopy is confined to a small area
within the penetration depth of the evanescent wave, resulting in a significantly reduced fluorescence background. The
technique, if applied to study single molecules® °, has the advantage that a complete illumination area enables the
observation of many single fluorophores at a time; a dight disadvantage is the necessity to recur to comparably slow
array detectors like CCD cameras.

The data obtained in single molecule fluorescence experiments yield direct information about energy changesin asingle
fluorophore and the transfer of energy which accompanies the interaction between different fluorophores. This
information can indicate subpopulations or intermediates that are difficult or impossible to observe in a classical
ensemble measurement. Specialized techniques like FRET (fluorescence resonant energy transfer) which require the
radiationless interaction of two fluorophores and exhibit a strong distance dependence provide additional data, e.g.
about folding pathways or the characteristic length scae of molecular recognition reactions. In this context,
semiconductor nanocrystals (quantum dots) as a noved type of fluorescent probe have evoked considerable attention.
Their long-term photostability and high excitation cross sections in combination with the possibility to functionalize
them in a biocompatible way and attach them to biomolecules make them a promising alternative for optical nanoscale
experiments™®,

Single molecule force techniques focus on the mechanica properties of individual nanoobjects and can be regarded as a
conceptually different approach which is complementary to optical experiments. They provide important information
about the forces which accompany structural rearrangements within a single macromolecule®™, or the forces and
kinetics involved in the breaking of single ligand-receptor bonds™®™*’. Whereas in optical®® or magnetic®® tweezers the
force is tranduced via a microbead exposed to an externa field, the atomic force microscope (AFM)® uses a
microfabricated cantilever as mechanical force transducer to which a sharp nano-probe is attached. This technique also
be used to address and manipulate single nanoobjects.

The complementarity of single molecule fluorescence and force techniques strongly advises for a combination of the
different approaches. The simultaneous measurement of optical and mechanical properties will certainly provide new
mechanistic insight into the forces, energies and conformational changes that accompany biomolecular interaction. Up
to now, only few experiments which combine mechanical manipulation and fluorescence imaging or spectroscopy have
been reported. Lang et a. presented a setup combining TIRF detection and optica trapping of single biomolecules™.
Recently, also the combination of AFM and confocal microscopy has been reported® 23,

In this work, a combined AFM-TIRF microscopy setup for the manipulation of single nanoobjects and the quantitative
probing of biomolecular interactions is introduced which alows simultaneous mechanical manipulation and
fluorescence imaging. The controlled quenching of semiconductor quantum dot fluorescence emission by mechanical
intervention of an AFM tip is presented.

2. INSTRUMENTATION

The experiments are performed on a home-built AFM-head (Fig. 1) using the beam deflection method® to read out the
cantilever deflection. A laser diode module (HL11, Lisa Laser, Katlenburg, Lindau, Germany, optical power <1lmW @
670 nm) with an integrated collimation optics is directed on a polarizing beam splitter (Linos, Géttingen, Germany).
The incident beam is divided into two orthogonally linear polarized beams from which the undiverted is blocked. The
other beam passes a A/4 wave plate (Linos, Gottingen, Germany) where the polarisation is changed to circular. A
focussing lensf = 8 mm servesto direct the laser on the cantilever as well as to collimate the reflected part of the beam.
Passing again the i/4 wave plate the polarisation is changed to linear polarisation which is tilted by n/2 referring to the
incident beam. This enables the passing of the reflected beam through the beam splitter with virtualy no loss of
intensity. A dichroic mirror (XF2021, Omega Optical Inc., Brattleboro, USA) allows observation of the cantilever and
sample but leaves the deflected laser beam unaffected. A quadrant photodiode (QD50-5T, Centronic, Croydon Surrey,
England) serves as position sensitive device. For each segment the induced current is converted to voltage by a single
high speed operational amplifier (Burr-Brown OPAB55, Texas Instruments, Dallas Texas, USA). These yield high
bandwidth performance as well as reasonable signals even for poor cantilever reflectivity. A home-made quadrant
detector dectronics is used for both generating deflection and lateral signals and further amplification. Optiondly an
anaog 8" order Tchebycheff low pass filter (fouorr = 4 KHz ) can be inserted before the data acquisition hardware. 16-bit
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multifunction AD/DA boards and a 16-bit transgent recorder are used, respectively, for experiment control and data
acquisition (PCI-6036E and PCI-6704, National Instruments, Austin Texas, USA and Spectrum M1.4540, Spectrum
GmbH, Grosshandorf, Germany). The AFM control software is a self-coded LabVIEW program (National Instruments,
Austin Texas, USA).
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Fig. 1. AFM head setup

Schematic of the optical components of the home-built AFM. A collimated laser beam is linearly polarized and
redirected by a beam splitter. Polarisation is changed to circular by a /4 wave plate. A lens focuses the incident and
collimates the reflected laser beam. The 4/4 wave plate changes polarisation back to linear. The beam splitter and the
dichroic mirror are passed. The cantilever deflection isread out by a quadrant photodiode.

The AFM-head is mounted on a frame bearing the sample stage. This stage consists of a sample holder for 24x24 mm
coverdips on amanudly driven 2D stage which itself is mounted on a 3D piezo stage (Pl 517.3CL, Physik Instrumente
GmbH & Co. KG, Karlsruhe, Germany) with travel ranges of 100x100x20 um. The piezo stage can be operated in open
loop (analog) and closed loop mode (analog or digital) via an adequate controller (E516, Physik Instrumente GmbH &
Co. KG, Karlsruhe, Germany). The sample stage is mounted on an inverting microscope (Zeiss Axiovert S100, Carl
Zeiss, Jena, Germany) such that the microscope lens points to the sample (Fig. 2).

The sampleis optically excited by an argon ion laser (cw 50 mW @ 488 nm). To avoid excitation by other laser linesa
filter isinserted into the optical path (XF1073 475/40, Omega Optical Inc. Brattleboro, USA). The sampleisilluminated
from underneath by an objective lens (Olympus Plapo 100X TIRFM, NA=1,45; Olympus, Tokyo, Japan) either in EF
(epifluorescence) or TIRF (total internal reflection fluorescence) mode. Fluorescent light is directed from the
microscope lens through a band pass filter (HQ 580/80, AHF Analysentechnik, TUbingen, Germany) to a high speed
CCD-Camera (I-PentaMAX, Roper Scientific, Trenton, New Jersey, USA). The acquired fluorescence signa is
intensified by a micro channel plate intensifier and directed to a 512X512 pixel CCD chip. A 5 MHz 12-bit AD-
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converter realizes a frame rate of approximately 20Hz for a full frame. By choosing a region of interest higher frame
rates can be achieved.
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Fig. 2: TIRF setup

Quantum dots on a coverslip are illuminated by an argon ion laser. Fluorescent light is directed via a dichroic mirror
to a CCD camera. Switching between the fluorescent and extinguished state is induced by retracting and approaching
agold coated cantilever.

3. MATERIALSAND METHODS

Fluorescent CdSe/ZnS nanocrystal quantum dots were prepared following a previously published protocol®. In short, a
solution of cadmium stearate and trioctylselenide in trioctylphosphine was swiftly injected into a hot mixture of
trioctyl phosphineoxide and hexadecylamine. The mixture was stirred for several minutes and then quenched by adding
cold butanol. The resulting nanocrystals were resuspended in trioctylphosphineoxide. To this dispersion, a solution of
diethylzinc and hexamethyldisilathiane in trioctylphosphine was added dropwise at elevated temperature for one day.
The CdSe/ZnS nanocrystals obtained in this reaction were purified and redispersed in chloroform. They showed an
emission maximum around 585 nm. For immobilization, the semiconductor nanocrystals were diluted in heptane and
subsequently dried on a cleaned (treatment with caroic acid, UV O cleaner) glass coverdip.

Silicon nitride AFM tips (Microlevers, Veeco Metrology LLC, S. Barbara, California, USA) were coated with a 10 nm
gold layer by evaporation. It has been demonstrated that the fluorescence emission of the semiconductor nanocrystalsis
effectively quenched if brought into contact with gold surfaces®.

4. RESULTSAND CONCLUSION

To test the TIRF microscopy setup, single quantum dots were detected and their fluorescence emission and fluorescence
intermittency (blinking) observed. Fig. 3 shows a time series, taken with a frame rate of 20 Hz, of a 12x12 um? frame
from a quantum dot experiment. Asis evident from the flares in fluorescence intensity, one of the bright spots (termed
b) in the frame exhibits the characteristic blinking and can be unambiguoudly identified as single nanocrystals, the other
two spots (aand c) being probably a bunch of several ones.
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Fig. 3: Optical imaging of semiconductor quantum dots

Successive images of semiconductor quantum dots on a coverdlip taken with a frame rate of 20 Hz. The spot marked
with (b) represents a single nanocrystal; this can be inferred from the typical blinking behaviour. The spots (a) and
(), however, exhibit only slight fluctuations of intensity and therefore might represent rather an aggregate of severd
semiconductor quantum dots.

Using the combined TIRF-AFM setup, the mechanical emission control of a small cluster of single quantum dots by
means of gold-coated AFM probe has been achieved. In a series of mechano-optical experiments, fluorescence images
of the aggregate were taken at a frame rate of 20 Hz while the lateral position of the tip was varied. The results are
presented in Fig. 4. The first row demonstrates the respective position of the AFM tip: At (@), which corresponds to the
tip position during the first five seconds of the experiment, the tip is separated from the nanocrystal fluorophores by a
lateral distance of a half micron; after five seconds (b), the tip has moved laterally into the near proximity of the cluster;
the gold surface is now very close to the quantum dots; after another five seconds (c), the tip is removed again. The
second row shows fluorescence images of the quantum dot aggregate (frame: 600x600 nm?) from the time intervals (a),
(b) and (c), respectively. The third row presents the plot of intensity against time. It is evident from (b) that
approximation of the tip causes effective quenching of the quantum dot fluorescence. Upon withdrawal of thetip (c), the
original fluorescence emission from the cluster can only be partly regained; from the corresponding intensity trace and
the image, it can be concluded that one of the presumably three single dots has been removed or bleached by the tip.
Nevertheless, this experiment clearly proves the capability of the combined TIRF-AFM setup to control the optical
properties of single nanoobjects by external, mechanical intervention.
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Fig. 4: Externa emission control of a semiconductor quantum dot duster.

The fluorescence emission from a bunch of semiconductor nanocrystals (probably three) could be effectively
guenched by moving a gold-coated AFM tip into the proximity of the aggregate. The emission of at least some
(probably two) nanocrystals could be re-activated upon latera retraction of the tip. The first row of images shows a
schematic of the latera tip movement, the second a fluorescence image of the aggregate, the third a plot of the
fluorescence intensity against time. During the first five seconds of the experiment (@), the tip was not in contact with
the aggregate. For the next five seconds (b), the tip was moved laterdly and brought into contact with the aggragate.
Subsequently, it was removed again (c).

Further improvements of the setup will facilitate the smultaneous AFM topography and fluorescence imaging of the
sample. It is planned to address individual fluorophores with different receptors and to perform affinity experiments
with these. The next step on the way to simultaneous fluorescence and force spectroscopy on single biomolecules will
be the addition of an acceptor fluorophore (instead of a quenching agent) to the AFM tip and, subsequently, the
simultaneous measurement of tip position and fluorescence resonant energy transfer between the donor and acceptor.
Furthermore, the experiment discussed here resembles an off-switching of the fluorophore and hence a “negative’
contral; the inverse approach, i.e,, a FRET setup with an acceptor fluorophore attached to the sample surface and a
donor at the AFM tip, would correspond to a “positive” control of fluorophore emission, i.e., the fluorescence signa is
switched on if the external stimulus (the donor fluorophore at thetip) is brought close.
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