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This work reports the design and implementation of a multi-function optical microscope for time-
dependent spectroscopy on single molecules and single nanoparticles. It integrates the now-routine
single-object measurements into one standalone platform so that no reconfiguration is needed when
switching between different types of sample or spectroscopy modes. The illumination modes include
evanescent field through total internal reflection, dark-field illumination, and epi-excitation onto
a diffraction-limited spot suitable for confocal detection. The detection modes include spectrally
resolved line imaging, wide-field imaging with dual-color capability, and two-color single-element
photon-counting detection. The switch between different spectroscopy and data acquisition modes
is fully automated and executed through computer programming. The capability of this micro-
scope is demonstrated through selected proof-of-principle experiments. Published by AIP Publishing.
https://doi.org/10.1063/1.5009134

I. INTRODUCTION

The concept of performing spectroscopy on individual
molecules and (nano)particles for the unique information it
provides has now become an integral part of research consider-
ations. The single-molecule/single-particle approach disentan-
gles the confounding ensemble averaging in systems that are
inherently complex, exhibiting non-uniformity in space (e.g.,
static heterogeneity), in time (e.g., dynamical heterogeneity),
or in both.1,2 In materials science, for example, one may wish
to characterize the on-off emission blinking behavior of indi-
vidual semiconducting nanoparticles [quantum dots (QDs)] as
well as their time-dependent spectral evolution in different
media for applications ranging from fundamental electron-
transfer dynamics3–6 to light emitters or solar energy conver-
sion.4,7–9 For metallic nanoparticles and nano-structures, the
use of dark-field scattering spectroscopy as part of charac-
terization is routine in the study of surface-enhanced Raman
spectroscopy (SERS).10–12 Moreover, by tracking over time
the dark-field scattering intensity, polarization, and spectra
from metallic nanoparticles, one may gain additional insights
for the shape of individual nanoparticles,13–16 the arrangement
of metallic nano-structures,17,18 and the dynamics thereof.19–21

In biochemistry, one should wish to understand the spectro-
scopic characteristics of the organic dyes labeled proteins
and nucleic acids for applications in studying, e.g., protein
conformational dynamics using Förster-type energy transfer
(FRET),22–24 as well as protein-protein, protein-nucleic acid,
and nucleic acid-nucleic acid interactions.25–27 In chemical
biology, it is essential to characterize proteins and nucleic
acids as well as the spectroscopic signatures of the fluorescent
labels in vitro before applying them to addressing biologi-
cal problems using a single-molecule approach.28,29 Whence,
it is natural that careful practitioners working at the inter-
faces between these exemplifying fields would wish to use

single-molecule spectroscopy (SMS)/single-particle spec-
troscopy (SPS) regularly.

Given the diverse problems amenable to SMS and SPS,
it would be most advantageous for the broader community
to have access to a general instrument capable of routinely
performing such experiments. To date, however, most SMS
and SPS configurations have been laid out for specific classes
of problems. When using the same setup for more than
one type of experiments—e.g., switching from scattering-
based spectroscopy for metallic nanoparticles to fluorescence-
based spectroscopy for biological macromolecules or switch-
ing from camera-based detection to single-element-detector
based data acquisition—a reconfiguration of the experimen-
tal platform followed by realignment of the optical pathway
is usually needed—necessary steps that have proved time-
consuming and cumbersome even for labs versed in SMS/SPS
instrumentation.

In this work, we develop a general-purpose optical micro-
scope that allows facile and computer-controlled switch-
ing between different spectroscopy and/or signal detection
modes. The new design provides the ability to cover a wide
range of throughput and time scales relevant to modern opti-
cal studies of single molecules and single particles, such
as time-dependent measurements on fluorescently labeled
biomolecules as well as semiconductor/metallic nanoparticles
and nano-bio conjugates. The instrumentation is simple and
should be easy to adopt. One may imagine that the instru-
ment could be useful for laboratories working with a variety of
samples requiring routine measurements using different spec-
troscopy modes or it could be useful in a shared-facility setting.
A few selected experiments are included here to illustrate
some key capabilities of the instrument. Fluorescence micro-
spheres and QDs were used to demonstrate the auto-switching
between camera-detection based objective-type total internal
reflection fluorescence (TIRF) and single-element-detection
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based confocal microscopy. We also performed single-
molecule Förster resonance energy transfer (smFRET) mea-
surement for the conformational dynamics of adenylate kinase
(AK). We further showed the capability of SPS by mea-
suring scattering spectra from individual Au nanoparticles
(AuNPs) and time-dependent emission spectra of single QDs.
The remainder of this paper is organized as follows: In
Sec. II, we provide an overview of the techniques related
to this work. The details of the instrument design are then
described in Sec. III, followed by experimental evaluation of its
performance.

II. BACKGROUND

Single-molecule fluorescence detection, especially
smFRET, has been one of the major types of SMS widely
applied to problems in biology in the past two decades.
As time-dependent smFRET provides the time sequence of
protein conformational changes, a main direction of single-
molecule technical development is to expand the observa-
tion time scale so that both rapid dynamics and slow pro-
cesses could be monitored, ideally on the same biological
macromolecule.

Given a single-molecule instrument, the ability to access
a wider range of time scales is fundamentally limited by the
total number of photons a chromophore may emit before it
undergoes irreversible photo-degradation (photo-bleach), usu-
ally on the order of few million photons for an organic dye.30,31

The longest time scale accessible is therefore limited by the
chromophore’s photo-bleaching time. On the fast dynamics
end, on the other hand, since single-molecule data are time
averaged rather than ensemble averaged,32 it takes finite time
to acquire a sufficient number of photons to determine a
single-molecule observable with statistical significance. For
example, considerations along this line have been discussed
for the determination of meaningful excited-state lifetime,33,34

FRET distance,35 or intensity state.36 Consequently, in order
to access fast dynamics, one would wish to use a higher
excitation power so that it would take a shorter time to
acquire the number of photons needed. It follows that cre-
ative synthesis of fluorophores with improved photo-stability
and brightness will continue to play a significant role in future
developments.37

Instrumentation is another practical limitation to the
accessible time scales.38,39 The two major configurations usu-
ally employed in SMS are total internal reflection (TIR)
and confocal.40–42 TIR is mostly used in conjunction with
wide-field camera detection and therefore allows simultane-
ous imaging of a large number of single molecules. The
time resolution, however, is limited by the camera read-
out time. For example, the frame rate of a typical camera
based on charge-coupled device (CCD) sensing with mini-
mum exposure time is on the order of ∼50 fps, making it
difficult to measure low-millisecond time scale dynamics. In
the context of wide-field imaging and high time resolution, the
now commercially available scientific complementary metal-
oxide-semiconductor (sCMOS) detectors have demonstrated
single-molecule imaging sensitivity with faster than 10-ms
time resolution.43 While the sCMOS-based detection is seen

as a major improvement in the camera-based method, the
confocal approach will always provide the highest possible
time resolution. The confocal configuration acquires signals
from single molecules with a single photon counting detector
that allows high time-resolution measurements. More impor-
tantly, the single photon sensitivity and well-characterized
Poisson noise make single-photon-counting avalanche photo-
diodes (APDs) an ideal detection method that affords advanced
statistical analysis in quantitive SMS.35,44–47 By analyzing the
arrival time of each detected photon, for example, protein fold-
ing transition path time has been measured with <100 µs time
scale.48 Unfortunately, it is usually time-consuming to sample
a large number of molecules using the confocal configuration
because data are acquired for one molecule at a time. Conse-
quently, the throughput in identifying events of interest such as
biochemical reaction steps or short-lived binding occurrences
between biomolecules will be low.

The advantages and disadvantages of wide-field TIR ver-
sus confocal configurations are thus seen to be complementary.
It will therefore be beneficial to integrate TIR and confocal
schemes and to effectuate an automated switching between
these two modes. In principle, such a capability would bridge
the time scale from sub-millisecond to minutes. The idea of
combining total internal reflection fluorescence (TIRF) detec-
tion and epifocal excitation first appeared in the report of Lyon
and co-workers, where DNA molecules were imaged using
TIRF microscopy and an epi-focused laser beam was applied
to trigger the photo-cleavage reaction on the observed DNA
molecule.49 Zheng et al. have developed a TIRF-guided con-
focal SMS microscope, with the ability to conduct confocal
measurements on the molecule of interest identified from TIRF
images.50 In the design of Zheng and co-workers, however, the
switch between data acquisition modes relies on manual tog-
gling of the filter cube and side port prism of the microscope.
While the time for manual switching was not reported, one
could imagine that it would be limiting and not as reproducible
as an automated setup.

A microscope setup for fluorescence single-molecule
spectroscopy in principle can also be used to do spectroscopy
for individual luminescent nanoparticles, including nanos-
tructures. For instance, one of the most celebrated examples
where single-particle spectroscopy enables the observation of
unexpected rich phenomena is emission intermittency in sin-
gle QDs.51 Furthermore, because inorganic nanomaterials are
usually more photo-degradation resistant relative to organic
dyes, it is possible to collect time-dependent emission spec-
tra from individual nanoparticles. The observation of spectral
fluctuations in single QD emission52 and the use of QDs as nan-
othermometers53,54 are two such examples. For low-emissive
nanomaterials that exhibit a large scattering cross section such
as gold nanoparticles (AuNP) or silver nanoparticles (AgNP),
single-particle spectroscopy based on dark-field illumination
is indispensable in routine characterization, such as the shape
and orientation of the nanostructure.55,56 More recently, new
advances are being made in utilizing the self-assembly nature
of biological macromolecules to build well-defined nanostruc-
tures.57 Such endeavors could in principle enable fundamental
studies of plasmonic field-enhanced fluorescence58 using a
chemistry-based method to construct the nanostructure. For
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studies along these lines, both scattering-based SPS for the
metallic nanostructure and fluorescence-based SMS for the
non-metallic nanostructure emitted will be needed. To date,
SPS and SMS measurements have mostly been conducted sep-
arately.11,12 It is, however, rather tedious and sometimes tricky
to unambiguously assign different measurements to the same
single nanoparticle, even with the help of a marked slide.56

Therefore, one may imagine it to be very helpful having a
computer-controlled instrument integrating scattering-based
SPS and fluorescence/luminescence-based SMS with fully
automated switching between modes.

III. INSTRUMENTATION
A. Microscope construction

Figure 1(a) displays the layout for the integrative single-
molecule/single-particle spectrometer, where objective-type
TIRF microscopy, confocal fluorescence microscopy, and
dark-field microscopy are combined. The excitation light is
provided by a Compass 532 laser (315M-100 Coherent). A
filter wheel (FW1) that contains several neutral density (ND)
filters is used to modulate the excitation intensity in all the

beam paths. TIR excitation power is directly adjusted via
FW1. In our setup, an average power of 1-20 mW (measured
after FW1) works well for typical organic dyes used in single-
molecule experiments. The output beam is then expanded to
a diameter of ∼4 mm and split by a 10/90 non-polarizing
beamsplitter (BS1) into the TIR and the confocal paths.
In both paths, computer-controlled mechanical shutters (S1
and S2) are installed in the beam paths to actuate the
switching between TIR/confocal excitation modes. A sepa-
rate computer-controlled mechanical shutter (S3) is installed
on the halogen lamp housing to actuate the dark-field
illumination.

Along the TIRF path, the beam is further expanded to a
diameter of ∼25 mm and focused by a 50-mm convex lens
(the TIR lens) on the back focal plane of the objective. The
TIR lens is mounted on a manual translational stage for align-
ment. The beam then passes through a 10/90 non-polarizing
beamsplitter (BS2) used for merging the TIR and the confocal
paths. After entering the back port of an inverted microscope
(IX-71, Olympus), the beam is reflected from a dichroic mirror
(DM1) into a TIR microscope objective (100×, 1.45 NA). The
excitation beam is focused by the objective on the surface of
the sample cover glass, which is mounted on a piezoelectric

FIG. 1. Schematic of the integrative
single-molecule and single-particle
spectroscopy platform. (a) FW1-FW2:
neutral-density filter wheel; lambda/4:
quarter-wave plate; L1-L6: lens; BS1-
BS2: beamsplitter; S1-S3: motorized
shutter; TFL: TIRF lens; DM1-DM2:
dichroic mirror; TBL: tube lens;
MFM1-MFM2: motorized flip mirror;
EF1-EF2: emission filter; DV2: dual
view. Shutter, piezoelectric stage, and
MFM1-MFM2 are controlled by the
host computer for optical mode switch.
In the TIRF mode, S1 is close, S2
is open, and MFM1 and MFM2 are
switched on beam path; in the confocal
mode, S1 is open, S2 is close, and
MFM1 is switched off beam path.
S3 is used to control the illumination
from a wide-field lamp. The detection
optics can be grouped in three different
modules specified as an imaging
spectrograph, wide-field imaging, and
a confocal module, respectively. (b)
Illustration of auto-switching between
TIRF and confocal modes facilitated
by MFM. Coordinates of events of
interests are detected in TIRF images.
Selected position is then placed on
the focus of the objective to perform
confocal fluorescence spectroscopy.
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translational stage. By fine tuning the translational position
of the TIR lens, the incident angle of the excitation laser
beam could be adjusted to exceed the critical angle of total
internal reflection at the cover glass/solution interface, creat-
ing an evanescent excitation field at the interface. Emission
from individual molecules immobilized on the coverslip sur-
face is collected by the same objective and passed through
DM1. To allow a flexible configuration, the original built-in
tube lens inside the microscope is removed and an alternative
lens (TBL) is mounted at the left-side port of the microscope
to serve as the tube lens. After passing through TBL, the emis-
sion photons are reflected by two sequential motorized flip
mirrors (MFM1 and MFM2, Thorlabs) into an image split-
ting system (DV2, Photometrics) coupled electron multiplying
charge-coupled device (EMCCD) camera (iXon Life, Andor).
DV2 is optional and is implemented for dual-color imaging
applications such as Förster-type resonance energy transfer
(FRET).

Along the confocal path, the same laser is used as an exci-
tation source but the beam diameter is maintained at ∼4 mm
after the first expansion lens set to match the back aperture of
the microscope objective. In the confocal path, the split beam
from BS1 passes through a second filter wheel (FW2) that
further fine tunes the excitation intensity to low-µW range.
The beam is then steered into the back port of the micro-
scope by BS2. After reflected off the dichroic mirror, the
excitation beam is focused by the microscope objective to
a diffraction-limited spot on the coverslip surface. Emission
from individual molecules is collected by the same objective
and passes through the dichroic filter. In the confocal mode, the
MFM1 mirror is disengaged so that the emission photons pass
through TBL to be separated by the dichroic mirror (DM2)
into two spectral channels for dual-color measurements. The
photons are further spectrally filtered by emission filters (EF1
and EF2) before being collected by a pair of single photon
counting avalanche photodiodes. For smFRET experiments,
a dichroic mirror (Chroma, 650 DCXR) was used to split
the signals, and band-pass filters (Chroma, HQ 600/80M and
HQ710/130M) were used for donor and acceptor emission,
respectively, in both the TIRF and the confocal paths. The mod-
ular design of this microscope allows convenient extension to
multi-wavelength excitation by incorporating additional lasers
before beamsplitter BS1, e.g., for alternating-laser excitation
or multi-color imaging/spectroscopy. For those applications, a
multi-edge dichroic beamsplitter would be used at the position
of DM1, coupled with a multi-notch filter before the detection
part. The polarization of excitation beams could also be con-
veniently modified by adding electro-optical devices such as
Pockels cells, as a specific experiment may require. If addi-
tional parameters such as polarization are to be measured, one
can simply drop in polarizing beam-splitter in replacement of
or in additional to DM2.

Dark-field microscopy is implemented via a 100 W
halogen lamp and an oil-immersion dark-field condenser
(U-DCW, Olympus) to the microscope. A microscope objec-
tive with adjustable numerical aperture is used to match the
NA of the condenser to ensure only scattered light from
sample objects in the field of view will be collected by the
objective. A wide-field dark-field image could readily be

obtained by focusing the scattered signal onto the EMCCD
camera in the TIRF path. To collect the scattering spectra from
individual nanoparticles, MFM2 could be bypassed and the
scattered light is relayed (by L5) and refocused (by L6) into an
imaging spectrograph (Acton SP2150, Princeton Instrument),
with the dispersed light imaged onto a coupled EMCCD (iXon,
Andor).

B. Software control

In general, cf. Fig. 1(a), the automated switching between
different illumination and detection modes is achieved via
computer-controlled mechanical shutters (S1, S2, and S3)
and mechanical flipper mirrors (MFM1 and MFM2). Since
the basic ideas in switching between different modes are the
same, to avoid receptiveness, below we only describe in more
detail the control switching between the TIR and confocal
modes.

The TIR and the confocal modes share the same opti-
cal path between BS2 and MFM1. An automated switching
between the TIRF and confocal modes is achieved by pro-
grammatically flipping the MFM1 between 0◦ and 90◦, in
which the emission (or scattered) photons will be reflected
or pass through, respectively. In the current implementation,
MFM1 is bypassed in the confocal mode. Such a configuration
ensures that photon detection of APDs, which is more sensi-
tive to alignment and mechanical instability than imaging by a
CCD camera, would not suffer from positioning reproducibil-
ity of the MFM1. For the TIRF path, although the beam might
possibly drift from time to time because the motorized posi-
tioning of the flipper mirrors may not be perfect, the drifting
was characterized to be within one pixel under the current
setup (data not shown).

To leverage both the advantage of high-throughput
wide-field imaging to capture molecular events using TIRF
microscopy and the advantage of high time-resolution mea-
surement using confocal fluorescence microscopy, the system
software is designed to acquire data from either mode in a
programmable manner. The coordinate of each spot in the
image obtained from TIRF is used to guide moving the sample
to a particular molecule for confocal single-molecule mea-
surements. To establish the precise mapping between TIRF
coordinates and confocal-scanning coordinates, a test TIRF
image of certain area on the sample slide is used as a calibra-
tion data set. The relation between the two coordinate systems
is established through a transformation matrix obtained from
an image registration algorithm (the “Registration Estima-
tor” application in the Image Processing Toolbox of MAT-
LAB, 2017a). The mapping calibration is carried out before
every experiment to correct for possible day-to-day alignment
drift.

Before switching from the TIRF mode to the confocal
mode, a molecule of interest will first be identified in the
TIRF image [cf. Fig. 1(b)]; the identification of the molecule of
interest could be fully automated or manually. The piezoelec-
tric stage is then moved, according to the TIRF-to-confocal
mapping relation, so that the molecule of interest is at the
focus of the microscope objective. Meanwhile, the MFM1
flipping is actuated, followed by S1 opening in the confocal
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path and S2 closing in the TIR path. If the drift in the align-
ment appears to be significant, one may wish to raster-scan the
piezoelectric stage across a predefined small area (e.g., 1 µm
× 1 µm) around the molecule to accurately determine the cen-
ter of that molecule by a 2D Gaussian fitting to the scanned
image. This step could be skipped however if the mechani-
cal reproducibility of the MFM mounts is within experimen-
tal tolerance and the TIRF-to-confocal mapping is accurate
enough. Our current implementation falls in the latter cate-
gory and hence no additional scanning is needed. The TIRF-
confocal-combined data acquisition is operated repeatedly in
an automatic manner until the number of obtained trajectories
is statistically enough for downstream analysis. The system
control software is coded in LabView and interfaces with the
microscope through a multifunctional input–output (I/O) card
(National Instrument, PCI-6052E) for controlling the piezo-
electric stage, shutter, and filter wheel. A counter/timer card
(National Instrument, PCI-6602) is used for photon count-
ing task using the 80 MHz on-board clock as the timing
base, which provides 12.5 ns resolution for photon arrival
times.59

C. Wide-field/confocal image mapping

To establish the coordinate transformation between the
TIRF and the confocal images, fluorescent microspheres (Flu-
oSpheres 535/575, Invitrogen) were used. To prepare the sam-
ple, glass coverslips were first soaked in 1 M KOH at 50 ◦C

for 1 h and rinsed with Millipore water. A coverslip was then
dried with nitrogen gas and spin-coated with a 20 µL diluted
solution of fluorescent microspheres. Approximately 50 µL
of Millipore water was applied on the coverslip around the
illumination area after the sample coverslip was secured on
a custom-made vacuum chuck mounted on the piezoelectric
stage. The image-splitter DV2 was in the bypass mode to allow
a larger field of view.

Figure 2(a) displays the overlaid images from TIRF and
confocal scanning around the same sample area. Two color-
coded groups of spots with the same geometric distribution
can be observed. The positions of spots are seen to be slightly
shifted between the two images. The aforementioned image
processing algorithms are utilized to bring the view from
TIRF and confocal microscopy into one coordinate system.
The obtained transformation matrix contains the information
about the amount of translation, rotation, and scale between
the images and therefore directly correlates these two coordi-
nate systems. As shown in Fig. 2(b), the spots from the TIRF
image overlap exactly with those from the confocal scanning
image after applying the transformation to the TIRF image.
This transformation relation is used to guide the movement
of the piezo stage so that the molecule of interest from TIRF
imaging is brought to the focus of confocal excitation. We
note that the same procedure can be used to map between the
confocal image and dark-field scattering image or the confo-
cal image and the spectral graph image, which is not repeated
here.

FIG. 2. Calibration of the transforma-
tion between the TIRF and confocal
coordinate. (a) Overlap of TIRF (red)
and confocal scanning (cyan) images.
(b) Overlap of the two images in (a)
after the transformation is applied to the
TIRF image. The inserted red and cyan
squares qualitatively illustrate the posi-
tion relationship between the TIRF and
confocal scanning image. [(c) and(d)]
Histogram of translational pixel offsets
between the coordinates from the trans-
formed TIRF image and confocal scan-
ning image on the X- and Y-axis, respec-
tively. Coordinates from 146 fluorescent
microspheres were used to obtain the
offset histograms.
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IV. PROOF-OF-PRINCIPLE SAMPLES

In this section, we demonstrate how different types of
samples can be studied using this general-purpose microscope
under different data acquisition modes. The emphasis is not on
a specific scientific question, as it will be outside of the scope
of this report, but rather to illustrate its potential usefulness for
routine characterizations.

A. Single-particle spectroscopy of individual
luminescent nanoparticles

To demonstrate the capability of conducting confocal
fluorescence spectroscopy measurement via an auto-switch
manner, we have measured the luminescence of individual
QDs. In experiment, a clean glass coverslip was first incubated
with a 0.1 mg/mL bovine serum albumin (BSA) solution (with
5% w/w biotinylated BSA) in phosphate buffer (PBS) buffer
for 15 min to passivate and functionalize the surface with biotin
sites. Excess BSA and biotinylated BSA was washed away and
the coverslip was incubated in 50 pM of streptavidin-QD solu-
tion (Invitrogen, emission maximum at 585 nm) for another
15 min. Finally, the coverslip with QDs immobilized on the
surface was sealed with 50 µL PBS buffer in a cover well
(Grace Bio-labs) and placed on the microscope. In the TIRF
imaging mode, the signature emission intensity fluctuation
and blinking behavior of semiconductor quantum dots could
readily be observed from the camera.

Figure 3(e) shows a typical TIRF image of individual
QDs. When switching to the confocal mode, the program ran-
domly selects one spot from the TIRF image, if multiple spots
of interest are identified, and then performs time-dependent
single-particle spectroscopy measurement using the confocal

mode. The intensity trajectories from the highlighted QD are
shown in Figs. 3(a) and 3(b) for the TIRF and the confocal
modes, respectively, where highly dynamic intensity changes
and blinking can be seen. To illustrate the expanded acces-
sible time scale in the confocal mode, the intensity autocor-
relation of the trajectories from the TIRF and the confocal
modes from the same QD are plotted in Figs. 3(c) and 3(d),
respectively. The experimental autocorrelations were bound
by standard deviation (blue dashed line) calculated using the
Fourier transform method.60 In contrast to the shortest time
of TIRF autocorrelation which is limited by the camera frame
rate, the autocorrelation of confocal data extends the shortest
time to at least 100 µs under the experimental condition. At
least 2–3 orders of time resolution improvement over the TIRF
mode is obtained when using confocal data collection. At the
same time, the integrated TIRF imaging mode allows a high
throughput sample evaluation. Note that because of the differ-
ence in excitation power, and the time-inhomogeneity of the
quantum dot blinking dynamics,61 the autocorrelation func-
tions taken in different modes or times, even from the same
QD, are not expected to be the same.

B. smFRET of proteins

We next apply the instrument to acquire data from indi-
vidual adenylate kinase (AK) enzymes from E. coli to demon-
strate its capability of performing single molecule FRET mea-
surements on biological macromolecules. The sample was
prepared as previously described.22 Briefly, Cys-mutant of
His-tagged AK was labeled with Alexa 555 and Alexa 647
as donor and acceptor dyes, respectively. The labeled pro-
teins were separated from excess dyes using a size-exclusion

FIG. 3. Demonstration of confocal data
acquisition switched from the TIRF
mode using QDs. [(a) and (b)] Inten-
sity trajectories of the same QD taken
from TIRF and confocal (3-ms binned)
modes, respectively. TIRF trajectory
was recorded with 30-ms integration
time (10-ms exposure time). In this
experiment, the power density in the
confocal mode was ∼5-fold greater than
that in the TIRF mode by adjusting the
neutral-density filter wheel on the con-
focal path (cf. Fig. 1). [(c) and (d)] Auto-
correlation analysis (solid line) of the
trajectories shown in (a) and (b) bound
by standard deviation (blue dashed line)
calculated by the Fourier transform
method.60 Autocorrelation traces were
normalized to the average intensity of
the whole trajectories. (e) TIRF image
(25 × 25 µm2) of QDs where the posi-
tion of the automatically selected QD is
highlighted.
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column (Superdex 75, GE Healthcare). Labeling efficiency
was estimated to be >95% by electrospray ionization time-
of-flight mass spectrometry (ESI-TOF-MS). Labeled AK was
immobilized on a streptavidin functionalized coverslip though
anti-Histag antibody. The coverslip with the AK sample was
sealed with buffer containing an oxygen scavenger system that
contained 2.5 mM 3,4-dihydroxybenzoic acid (PCA), 50 nM
protocatechuate dioxygenase (PCD), and 2 mM Trolox. Here,
oxygen scavenger was used so that the dyes would last long
enough for the switching between the TIRF and the confo-
cal modes for the purpose of demonstrating the switching
for biological samples. It is important however that careful
control experiments be carried out to test if an oxygen scav-
enger system may have any adverse effect on the activity of
the biological macromolecule. The observation time (or pho-
tobleach time) of a particular dye-labeled molecule directly
depends on excitation power. In practice, one would like to
investigate the trade-off between photobleach time, signal-to-
background ratio (SBR), and experimental time resolution. For
TIRF single-molecule experiment, the balance between these
factors could be tuned via excitation power and exposure time.
In our setup, applying a power density of 0.1 kW/cm2 (5 mW
average power measured after FW1) and 100 ms EMCCD
exposure time (EM gain: 100) would be able to provide a SBR
>5 and typical trajectory length>10 s for smFRET using Alexa
dyes. For the purpose of probing protein dynamics on the time
scale of hundreds of millisecond to second, these parameters
were used in our TIRF experiment. In the confocal mode, exci-
tation power was the same as in the single-QD experiment in
Sec. IV A (0.63 kW/cm2). Data acquisition was configured to
start with the TIRF mode at ∼10 fps. After a preset time, the
microscope would automatically switch to the confocal mode
on a randomly picked molecule. This way, smFRET signals
acquired by both modes from the same molecule could be
obtained consecutively with only a finite transition time. Note
that because of this finite transition time, there would not be

overlap between data segments taken by TIRF and confocal
modes. Intensity trajectories were generated by averaging the
intensity of a 3 × 3 pixel array around the spots identified from
all image frames. A typical TIRF-confocal FRET trajectory is
shown in Figs. 4(a) and 4(b).

One may imagine that in some studies, it would be advan-
tageous to have a short transition period switching from the
TIRF mode to the confocal mode. To characterize the transition
period, we used fluorescent microspheres (n = 211) to record
the time between the computer issuing the switch command
to the signal detection from the APDs (defined as the instance
when the combined APD intensity signal-to-background ratio
rises above 10). The resulting switching time histogram is
shown in Fig. 4(c). It is seen that for the current setup, the
average switching time is 168 ± 3 ms, limited by the flipping
speed of the MFM mounts. The switching time is expected be
faster with advanced motorized optics available in the future.
As an alternate strategy, electro-optical material based mirrors
could also be utilized. In some of the products, a switching
time of less than 100 ms between reflection and transmis-
sion has already been achieved, potentially providing a better
performance and mechanical stability.

The anti-correlated intensity changes in both the donor
and the acceptor channels can be seen from a zoom-in plot
of the confocal data binned at 3 ms, as shown in Fig. 4(d).
On the other hand, the anti-correlation between the donor and
the acceptor channels is not apparent in the TIRF trajectory.
This is because the conformational dynamics of AK fall on
the time scale range of 4–8 ms,22 which is much shorter than
the TIRF time resolution (100 ms) set by the camera frame
rate. Through such dual-mode measurements, the fast dynam-
ics at the millisecond time scale and the slower processes at
the 100’s ms to second time scale can be captured for the same
molecule. To evaluate the photobleach time of organic fluo-
rophores, a photobleaching study was performed using Cy3B-
labeled single-strand DNA (see supplementary material).

FIG. 4. Capability of TIRF-confocal
smFRET measurement. (a) smFRET
trajectory from the TIRF mode (exci-
tation power: 0.1 kW/cm2). Alexa 555
and Alexa 647 dyes were used as
donors (blue) and acceptors (red). Back-
ground traces of donor (pale blue) and
acceptor (pale red) channels extracted
from a nearby region without detected
molecule were included for compari-
son. (b) Consecutive trajectory obtained
from the same molecule as in (a) after
switch to the confocal mode (excitation
power: 0.63 kW/cm2). (c) Histogram of
switching time between TIRF and con-
focal modes. Switch time is defined as
the time between a switch command
is launched and signal-to-background
ratio from APD is above 10. (d) Zoom-in
plot of trajectory in panel (b) from 1.2 to
1.5 s. Trajectory was binned every 3 ms
to show the millisecond conformational
dynamics.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-016898
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As shown in Fig. S1 of the supplementary material, 40% of
fluorophores bleached in 4 min TIR illumination (bleaching
time ∼7 min with 0.1 kW/cm2 photon flux), while most of
the molecules bleached within 20 s under confocal excitation
(Bleaching time is ∼3.1 s with 1.5 kW/cm2 photon flux or
3.5 µW average power at a diffraction-limited spot. A higher
power was used here to deliver the similar amount of emis-
sion intensity as observed in the confocal smFRET experiment
using Alexa dyes.). The photobleach time depends on excita-
tion power and the concentration of anti-bleaching reagents.
Such characterization will be helpful to assess the typical
observation time in each mode.

C. Time and spectrally resolved
single-particle spectroscopy

To demonstrate the spectra-resolving capability of the
microscope, we measured the scattering spectrum of Au
nanoparticles (AuNPs) and photoluminescence (PL) spectra
of QDs. AuNP sample was prepared by air-drying a drop of
AuNP solution (Gold Colloid, BBI Solution) on a clean glass
coverslip. One drop of microscope objective immersion oil was
added to the sample region for index of refraction matching
and then covered by another coverslip to form an assembled
slide. Afterwards, another drop of immersion oil was applied
on top of the sample and the dark-field condenser was brought
in contact with the immersion oil droplet. The spectrograph
was first operated in the zero-order “mirror mode” to record a
wide-field scattering image of the sample in order to select a
region of interest. Once the diffraction gratings were switched
in, the scattering spectra of individual AuNPs were obtained
by subtracting the dispersed signal by background scatter-
ing from nearby area and normalized by the lamp output
spectrum to adjust possible uneven illumination across dif-
ferent wavelengths. In Fig. 5(a), spectra from four individual
60-nm AuNPs are shown. It can be observed that the

FIG. 5. Application of single-particle spectroscopy on measuring scattering
spectra and emission spectra. (a) Scattering spectra (color-coded differently)
from four individual 60 nm AuNPs. (b) Comparison between scattering spectra
from 60 nm AuNPs (red) and 80 nm AuNPs (blue). For each size, spectra from
four different AuNPs are shown together. For visual clarity, each raw spectrum
was partially transparent and overlay with a smoothed curve representing the
shape and position of the original spectra.

resonant wavelength of each AuNP is slightly different,
indicating the heterogeneity of size and shape within one
batch of the chemically prepared AuNPs. Although there are

FIG. 6. Application of single-particle
spectroscopy on measuring the emis-
sion spectra of QDs. (a) PL spectra of
QD 605 as a function of time. A time
trace of 50 s was plotted with 100 ms
interval. (b) Representative Gaussian fit-
ting of one PL spectra from (a). [(c)–
(e)] Wavelength of maximum emission,
FWHM, and intensity across the spec-
tra as a function of time, respectively.
The discontinuous portions of (c) and
(d) correspond to the time that the QD
was in off-state, as shown in (e).

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-016898
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TABLE I. Summary of the general purpose single object spectrometer.

DAQ mode Illumination Throughputa Detector Time-resolution

Wide-field fluorescence TIRF/epi High (∼50 × 50 µm2) CCD ≥20 ms
Confocal fluorescence Confocal Low (diffraction limited) APD <1 ms
Scattering Dark-field/TIRF Medium (∼3 × 50 µm2) CCD ≥20 ms

aEnclosed in parentheses are illumination areas.

variations in the resonant wavelength of AuNPs from the sam-
ple of the same nominal size, a general redshift is observed in
the spectra from sample with increased nominal particle size,
as shown in Fig. 5(b) where scattering spectra from 60-nm and
80-nm AuNPs are compared.

To demonstrate the microscope’s capability of following
the time-dependent spectral evolution from single objects, we
used TIR illumination on streptavidin-QD 605 (emission max-
imum: 605 nm) immobilized on a biotin-PEG slide. Figure 6(a)
displays a sequence of PL spectra of a single quantum dot with
100 ms integration time. The typical narrow and symmetric
emission band of QDs can be observed. The spectral fluctua-
tion dynamics can be further quantified by fitting the spectra
with a Gaussian curve to extract the emission maximum and
the full-width-half-maximum (FWHM), as shown in Fig. 6(b).
The changes in the emission peak position, FWHM, and over-
all intensity as a function of time are shown in Figs. 6(c)–6(e).
Clearly, both the position and width of the PL spectra were
continuously shifting around 605 nm, accompanied by the on
and off blinking behavior. With these examples, we showed
that the new instrument provides the ability to measure time-
dependent scatter and emission spectra of different materials
under various types of illumination modes.

V. SUMMARY

We have sketched the basic ideas for a general-purpose
microscope platform where TIRF, confocal fluorescence, and
dark-field microscopy modes are integrated into one instru-
ment. Table I summarizes key characteristics for the cur-
rent implementation. The switching between different spec-
troscopy and detection modes is fully automated through
computer programming—no reconfiguration on the optical
setup is needed. Hence, it would be useful for most routine
measurements for a variety of samples, including biological
macromolecules, luminescent nanomaterials, and scattering
metallic nanoparticles. The flexibility and modular design of
the microscope platform make it straightforward for future
capability augmentation without significant modifications to
the basic optics layout and programming. Fluorescence corre-
lation spectroscopy (FCS), for example, could be readily per-
formed under either the confocal or the TIRF (TIR-FCS)62,63

configuration without additional optics. While only few of the
intended capabilities have been demonstrated in this report,
the scope of amenable applications should be much broader.

SUPPLEMENTARY MATERIAL

See supplementary material for details about the photo-
bleaching time study under TIRF and confocal modes. The

control source codes associated with this publication, under
the Creative Commons license CC BY-NC-SA (Attribution-
NonCommercial-ShareAlike), is made available through the
Yang lab or through the Princeton github repository at
https://github.com/PrincetonUniversity/GeneralPurposeSOS.
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