Ó Indian Academy of Sciences

J Biosci Vol. 43, No. 3, July 2018, pp. 447–454
DOI: 10.1007/s12038-018-9770-5

Single-molecule photobleaching: Instrumentation
and applications
SIMLI DEY and SUDIPTA MAITI*
Tata Institute of Fundamental Research, Homi Bhabha Road, Colaba, Mumbai 400 005, India
*Corresponding author (Email, maiti@tifr.res.in)
Published online: 25 June 2018
Single-molecule photobleaching (smPB) technique is a powerful tool for characterizing molecular assemblies. It can
provide a direct measure of the number of monomers constituting a given oligomeric particle and generate the oligomer size
distribution in a specimen. A major current application of this technique is in understanding protein aggregation, which is
linked to many incurable diseases. Quantitative measurement of the size distribution of an aggregating protein in a
physiological solution remains a difﬁcult task, since techniques such as dynamic light scattering or ﬂuorescence correlation
spectroscopy (FCS) can provide an average size, but cannot accurately resolve the underlying size distribution. Here we
describe the smPB method as implemented on a home-built total internal reﬂection ﬂuorescence microscope (TIRF). We
ﬁrst describe the construction of a TIRF microscope, and then demonstrate the power of smPB by characterizing a solution
of Amylin (hIAPP) oligomers, a 37-residue peptide whose aggregation is associated with Type II diabetes. We compare our
results with FCS data obtained from the same specimen, and discuss the advantages and disadvantages of the two
techniques.
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1. Introduction
Single-molecule techniques become important in situations
where we need to know not only the average property of an
ensemble, but also the details of the underlying distribution.
Single-molecule photobleaching (smPB) is a ﬂuorescencebased imaging technique that counts the number of monomers that make up each oligomeric molecular complex in the
specimen under examination. It records a time series of
images of a specimen consisting of oligomeric particles,
where each constituent monomer is labelled with a ﬂuorescent dye. Under continuous illumination, occasional photobleaching of a monomer results in the stepwise reduction of
the intensity of an oligomer. Counting of these photobleaching steps, until the intensity goes down to the background level, provides the number of monomers that
constitutes the given oligomer. Of course, this requires an
imaging technique sensitive enough to record single molecules. smPB mostly uses total internal reﬂection microscopy
(Axelrod 2001; Axelrod et al. 1984; Gordon et al. 2004;
Johnson et al. 2014; Zijlstra et al. 2014), which fulﬁls this
fast but sensitive imaging requirement.
smPB has proven to be a fruitful technique for probing
protein oligomers (Johnson et al. 2013). Oligomers of several amyloid proteins are associated with incurable human
diseases, for example, Amyloid b in Alzheimer’s disease,
http://www.ias.ac.in/jbiosci

alpha-synuclein in Parkinson’s disease and islet amyloid
polypeptide (IAPP) in Type II diabetes. However, protein
molecules are small (\5 nm typically), and it is difﬁcult to
resolve the number of molecules constituting a given oligomer. Also, in an aggregating protein solution, it is likely
that there will be a distribution of oligomers of different
sizes in the solution. Quantiﬁcation of this distribution and
the determination of their bioactive properties is a key
requirement in identifying the speciﬁc toxic species and in
understanding the mechanism of toxicity. In addition, it is
known that some small molecules or metal ions change the
aggregation properties of oligomers and concurrently their
toxicity (Chandra et al. 2017; Garai et al. 2007; Garai et al.
2006). smPB is an appropriate technique to understand the
biologically signiﬁcant effects of such molecules.
Amyloidb (Ab40) shows concentration-dependent oligomer formation on anionic membranes. Amyloid–membrane
interaction has typically been measured by confocal microscopy or with FCS (Nag et al. 2010, 2013). However, the
exact number of monomers constituting the oligomers on a
membrane cannot be determined by these techniques. The
sizes, in terms of the number of monomeric units in an
oligomer, are obtained by direct counting of the photobleaching steps, and they show distribution ranging from
monomers to hexamers (Ding et al. 2012, 2009; Johnson
et al. 2011). smPB showed the cell-membrane-bound species
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to be ranging from monomers to hexamers with the majority
being dimers to tetramers.
Oligomers of a-synuclein, associated with Parkinson’s
disease, have also been studied by smPB. Aggregation
number of a-synuclein oligomers has been reported to be
*70, and these have been characterized using smPB. Direct
counting of such a large number is rather difﬁcult. Thus, a
sub-stoichiometric labelling technique was used to determine the size of these large aggregates. The exact label
probability mass function can be computed for such random
incorporation of labelled monomers in an oligomer during
the aggregation, if the label density at the start of aggregation is known (Zijlstra et al. 2012).
This technique has also been used in various non-amyloid
systems. For example, Hastie et al. (2013) showed that transAMPA receptor regulatory protein family (TARP) consists
of four pore-forming subunits depending on their expression
levels. Zhang and Guo (2014) used smPB to obtain the
stoichiometry of RNA molecules within a bacteriophage
phi29 DNA packing bio-motor. Dietz et al. (2013) showed
that human receptor tyrosine kinase MET pre-exists as
dimers in the membrane and the proportion of MET dimers
increases upon ligand (hepatocyte growth factor) binding.
Here we describe the procedure to build an objectivebased total internal reﬂection microscope that is capable of
counting the stoichiometry of an aggregating peptide solution. We also discuss the basics of the analysis of photobleaching data and describe how to troubleshoot common
problems associated with it. Additionally, we show how to
prepare samples for imaging. We use Amylin, a 37-residue
intrinsically disordered peptide, as an example in our studies.
Amylin aggregation is associated with pancreatic b cell
death and Type II diabetes. The mechanism of toxicity
causing b-cell death is yet to be ascertained, but it is likely
that the enhanced membrane afﬁnity of the oligomers play a
crucial role in this process. We show how such measurements can be performed by determining the size distribution
of amylin oligomers in solution.

2. Methods
Total internal reﬂection can occur at the interface of two
media as a light beam attempts to travel from an optically
denser medium to a rarer medium, when its angle of incidence is larger than a critical angle. If we assume that the
refractive indices of cover glass and water are n1 =1.518 and
n2 =1.33, respectively, then the critical angle will be
sin-1(1.33/1.518) = 61.2° for the glass–water interface.
Therefore, to obtain TIR in an objective-based system, we
need an objective which can bend the beam at an angle
greater than this value, that is, it should have an NA greater
than 1.518 sin 61.2 = 1.33. In practice, since the incoming
beam has a distribution of angles, we need an NA

considerably larger than this value. An NA of 1.45 is the
lowest NA that is practical for TIRF. We used an objective
with NA = 1.49 (CFI Apochromat TIRF, 100XH, N.A. 1.49,
Nikon). We implemented our design of the TIRFM using a
He-Ne laser source (Melles Griot, 25-LGR-393-230), a
commercial Fluorescence Microscope (Nikon Ti-Eclipse), a
single-photon sensitive EMCCD camera (Electron Multiplying Charged Coupled Device, ANDOR iXon,
DV887ECS-UVB) and various lenses and mirrors. The basic
optical design of the instrument is described in ﬁgure 1A.
The 543-nm beam from a He-Ne laser is expanded by a
telescope, where we use a combination of two positive
lenses to expand the beam diameter from *2 mm to *23
mm. The collimated beam emerging from the telescope is
passed through a 50-cm focal length lens, which focuses the
beam at the centre of the back aperture of the objective. The
beam emerging from that should be made as collimated as
possible, though good collimation through a high NA lens is
often difﬁcult. This would be the non-TIRF position of the
excitation beam, which axially illuminates a reasonably large
area of the sample (which is placed on a cover slip). The lens
is mounted on a translation stage, which can move the focus
point at the back aperture along the transverse axis of the
back aperture of the objective. The objective-based TIRFM
setup is based upon two optical principles: (1) A collimated
light beam focusing at the back aperture of an objective lens
emerges parallel from the lens, as shown in ﬁgure 1B. (2)
Collimated beam focusing at the back aperture of the
objective lens at different radial distances from the optical
axis translates into different angles when emerging from the
objective lens. This is described in ﬁgure 1C. The higher the
value of the numerical aperture of an objective is the more
oblique are the rays that can emerge from it. The maximum
angle is achieved when the beam is positioned near the
periphery of the back aperture. Total internal reﬂection (from
the upper surface of the cover glass) will happen as the beam
is moved from the centre towards the periphery.
Here in the custom-built TIRFM setup, total internal
reﬂection takes place when the stage containing the lens (L3)
and mirror (M2) (ﬁgure 1A) is translated to move the
focused beam from the centre to the edge of the objective
back aperture radially until a total internally reﬂected beam
with near-equal intensity is observed to be coming back from
the microscope. Before this point, one can clearly observe
the beam emerging from the objective to bend gradually to a
near-90-degree position. As this emerging beam disappears,
and the back reﬂected beam appears, the excitation converts
from the non-TIRF to TIRF mode.
The ﬂuorescence emission from a sample placed on the
coverslip (assumed to be in an aqueous medium) is collected
back from the same objective in an epi-ﬂuorescent geometry
and is focused on the chip of the EMCCD camera, mounted
on the side (camera) port. The ﬂuorescence is excited by an
evanescent ﬁeld, which is generated at the interface of the
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Figure 1. (A) Schematic diagram of a TIRF setup. (B) Excitation beam focuses at the back aperture of the objective lens (non-TIRF
mode). (C) Beam focuses near the edge of the back aperture and emerges as oblique rays (near-TIRF). (D) Incident beam focuses at the
back aperture of 1.49 NA 1009 objective and undergoes total internal reﬂection at the interface and returns back.

two media (glass of the cover glass and the water of the
sample) owing to the refractive index mismatch.
The phenomenon of TIRF can be veriﬁed by certain
simple observations. First, as stated before, one can
observe the total internally reﬂected beam of intensity
similar to that of the incident beam, which comes back
parallel to the same optical path but travelling in the
opposite direction (ﬁgure 1D), with very little excitation
light escaping from the objective. The signal from the
ﬂuorophores in the sample becomes weak as compared to

that of a non-TIRF mode. Second, the evanescent ﬁeld
excitation can be veriﬁed by observing a ﬂuorescently
labelled bead solution. In non-TIRF mode, one can see the
bright out-of-focus beads with halo and also in-focus
beads. In the TIRF mode, the excitation is limited only to
about 100 nm from the surface, so only the beads which
enter this region are visible and all of them are in focus. So
the beads are seen to appear or disappear as they enter or
go out of the evanescent ﬁeld (Fish 2009) and no out-offocus beads are observed.
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To actually measure the penetration depth of the evanescent ﬁeld, which is dependent on the wavelength (k) of light
used and the angle of incidence, we require 0.5 lm (or
higher) diameter ﬂuorescent microspheres. We put the
microsphere solution on the top of the coverslip and place it
on the objective already having a refractive index matching
oil (n = 1.518). After allowing the beads to settle on the
coverslips, we take an image. Since the evanescent wave is
only limited to *100 nm, the total diameter of the bead will
not be visible. Instead, we would be able to see the diameter
only up to extent of the evanescent ﬁeld. As shown in ﬁgure 2, the actual radius of the bead is say r, and the
observable radius is say a, then applying Pythagoras’s thepﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
orem b ¼ r2  a2 , we obtain the penetration depth to be
r-b.
Fluorescent beads are bright as they have a large number
of ﬂuorophores attached to them, and so it is easy to image
them. To visualize the dim single molecules over the background, we have to increase the laser power and optimize the
exposure time and the camera gain. For single-molecule
visualization, the power of the focused beam at the back
aperture is kept at 1.3 mW, the electron multiplication (EM)
gain is kept at 150, and the exposure time is kept at *90 ms.
Since the aggregation number of the peptide oligomers is
needed, we need to disperse the complexes in order to
visualize them individually. However, we need to hold them
steady so that a proper image can be recorded. This problem
is solved by embedding them in a solid transparent matrix
using spin coating. To do this, we used a thin ﬁlm of
polyvinyl alcohol (PVA) layer containing the oligomers by
spin coating them on to a glass microscope coverslip.
In single-molecule experiments, one has to be very careful
about ﬂuorescent impurities in the sample or on the microscope coverslips, among others. The ﬂuorescence background can be removed by vigorous washing of the
coverslips by organic solvents and harsh acid treatments.
The imaging coverslips are ﬁrst washed individually with
3(M) KOH by sonicating for an hour and then washed with
distilled water to remove the KOH. Then they are again
sonicated with HPLC-grade acetone for another hour

Figure 2. An illustration of a ﬂuorescent microsphere with a
radius r (C0.5 lm) in the evanescent ﬁeld. The evanescent ﬁeld is
r-b.

followed by washing with water and ﬁnally treated with the
‘Piranha solution’ (H2O2:H2SO4 = 1:3) and then sonicated
for half an hour. Caution should be taken while preparing the
Piranha solution as it is very corrosive in nature and the
effervescence formed while preparing the mixture can be
choking. The whole acid solution should be discarded into a
waste only dedicated for this and the coverslips should be
vigorously washed with distilled water by sonication until
the coverslips are free from acids. Once the coverslips are
washed, they are dried by a gentle ﬂow of high-purity
nitrogen gas and they are preserved in an air-tight container.
Fluorescence correlation spectroscopy (FCS) can be used
to separately characterize the oligomers in solution, and is
frequently a complementary technique to smPB. FCS is a
powerful and sensitive technique to measure the size of a
diffusing particle in solution (Magde et al. 1972; Maiti et al.
1997; Sengupta et al. 2002). Details of this method have been
described elsewhere (Sengupta et al. 2002). It tracks ﬂuctuations in ﬂuorescence occurring in a small open volume of a
solution containing a dilute concentration of ﬂuorophores.
The signal ﬂuctuation in time is then autocorrelated to extract
meaningful information such as the diffusion time, size of
diffusing species and binding of molecules to larger substrates. FCS data are modelled generally with a ﬁnite number
of diffusing species in a homogeneous medium, and the data
are ﬁtted with a least squares minimization algorithm. But for
highly heterogeneous system, such as live cell membranes,
this approach is inadequate. Maximum entropy methodbased ﬁtting routine (MEMFCS) is preferred that helps ﬁt the
FCS data. It analyses the FCS data by considering a quasicontinuous range of diffusing species (Sengupta et al. 2003a)
and gives a wide distribution of components, which is consistent with the FCS data.

3. Results
A sub-saturated IAPP solution (with an initial concentration
of 50 nM, which is lesser than the saturation concentration
of IAPP) contains a mixed solution of oligomers and
monomers. The sub-saturated solution at pH 7.4 is initially
prepared from a high-concentration (1 mM, pH 3.5) solution. We performed FCS measurements on this solution in
order to approximately estimate the oligomer size distribution (size in this context means hydrodynamic radius, RH).
Figure 3 shows the FCS measurements of IAPP oligomers in
solution made with a custom-built FCS set up. The autocorrelation curve obtained is ﬁtted with a single diffusing
species with a triplet component. Rhodamine B(RhB) was
recorded as a standard to obtain the relative hydrodynamic
radius of the oligomeric species in solution. The diffusion
time of RhB molecule is 39 ls in this apparatus under the
illumination conditions, while the oligomeric solution has a
diffusion time of 110 ls. Given that the RH of Rhodamine is
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sometimes used the Chung–Kennedy algorithm (Chung and
Kennedy 1991) and the Kerssemakers (Kerssemakers et al.
2006) algorithm (data not shown). We observed that these
become problematic if the photobleaching data are noisy,
and/or have many steps (e.g. ﬁgure 6A and B). Although
some of the steps in some traces ﬁt well, they cannot
robustly ﬁt all the steps in all the traces, and multiple steps
identiﬁed by them appear to have their origin in noise. We
therefore resorted to manual identiﬁcation and counting of
the steps as shown in ﬁgure 6A and B.

4. Discussions

Figure 3. FCS autocorrelation curve of the oligomeric species of
IAPP in the solution ﬁtted (red curve) with single species and one
triplet component. Green represents the residuals of the ﬁt.

0.57 nm, this translates into an average hydrodynamic radius
of 1.61 nm for the oligomers.
To determine the stoichiometry of the oligomers of IAPP
in the solution, we co-mixed IAPP oligomeric solution (preincubated in PBS for 20 mins) with polyvinyl alcohol so that
the net concentration of IAPP is 1 nM and PVA is 0.25%.
The mixture of the IAPP–oligomer solution with PVA is
then spin coated on top of microscope coverslip in a manner
that the individual ﬂuorescent spots are spatially separated
from one another and immobilized. Figure 4A shows the
distribution of oligomers as recorded by TIRFM. The percentage of PVA is taken low enough to avoid crowding and
inhomogeneous distribution of PVA on microscope
coverslips.
The bleaching steps are determined from the plots of
intensity vs. time of exposure (which is proportional to the
frame number in the time series of images) of each of the
spatially separated ﬂuorescent spots. Figure 4B shows three
examples of the intensity traces of particles collected from
the whole dataset (a monomer, a dimer and a trimer,
respectively). The single-step bleaching conﬁrms the presence of monomers in the milieu and also conﬁrms the sensitivity for detecting single molecules. Complete bleaching
of a ﬂuorescent spot having discrete measurable steps (in the
intensity vs. time trace) gives the number of ﬂuorescent
labels present in that oligomeric unit. Since all the monomers carry a ﬂuorescent label, this number also represents
the number of monomers in that molecular complex. By
counting the number of photobleaching steps for each individual oligomer, we obtained a histogram (ﬁgure 5) of the
number of monomeric units in an oligomer.
Several different step-detection algorithms have been used
by researchers to automate the step counting. We have

Other diffusion-based techniques such as FCS determine the
average size of oligomers reasonably accurately, and can
also give an estimate of the size distribution (Nag et al.
2011; Sahoo et al. 2008; Sengupta et al. 2003b). FCS can
also be used for estimating the ability of Ab oligomers to
bind to membranes (Nag et al. 2013; Sahoo et al. 2009;
Sarkar et al. 2013). However, the size is determined in terms
of the hydrodynamic radius, and not in terms of an exact
count of the number of monomers. Therefore, it is difﬁcult to
differentiate between an n-mer and an (n ? 1)-mer using
FCS. The problem is similar for dynamic light scattering,
which is a label-free technique, but has a much lower sensitivity than either smPB or FCS. Also, both FCS and DLS
measure diffusion, and such measurements become difﬁcult
if the complexes are not mobile enough.
smPB is superior in this respect, but it has its own pitfalls.
A major pitfall is that the stoichiometric distribution can be
skewed towards lower values if proper care is not taken to
avoid pre-bleaching of the sample during focusing. While
photo-stable ﬂuorophores can reduce this error, it is not
possible to eliminate it. It is also not obvious how one would
be able to calibrate and correct for this error.
The second major problem involves the detection of
photobleaching steps. As described before, the step-detection algorithms are far from foolproof, necessitating a
manual counting of the steps in many cases. Blinking is an
unavoidable single-molecule phenomenon (shown in ﬁgure 6B), and this makes automated step-detection prone to
error. Moreover, the larger the number of particles in an
image, the more reliable is the distribution (due to better
statistics), and so one has to analyse a large dataset for
reliable results. This makes manual step detection tiresome.
Manual step detection is also prone to bias.
We also note here that the relative intensity of an oligomer
at the initial time is not necessarily a reporter of the number
of monomeric units (e.g. ﬁgure 6). This is because of the
difference in the photophysics of the different ﬂuorophores.
For example, the orientation of the individual transition
dipoles of the ﬂuorophores in the oligomeric unit can result
in different relative intensities (Ding et al. 2009).
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Figure 4. (A) Image of oligomers of IAPP co-mixed with PVA, spin coated on the microscope cover slip. (B) The time traces of the
selected spots, which shows (i) two, (ii) three, and (iii) a single-step photobleaching.

5. Conclusion
In this work we have explained how to build a TIRF
microscope and to characterize the evanescent ﬁeld to make
it suitable for single-molecule photobleaching studies. The

power of TIRF microscopy smPB is demonstrated by characterizing a heterogeneous population of Rhodamine-labelled-IAPP oligomers.
smPB uses wide-ﬁeld imaging, and so complexes immobilized on a surface are ideal candidates for probing by
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of individual single oligomeric species, and can determine
the stoichiometric distribution of the oligomers. This ability,
at present, is unmatched by any other technique.
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Figure 5. The histogram shows the distribution of the oligomeric
species present in the solution determined by smPB. Population
C10 are the species where the steps are unresolvable.

Figure 6. (A) Intensity vs. time traces of a somewhat noisy data
with multiple photobleaching steps. Arrows show manually
detected steps. (B) Similar data with three bleaching steps. Blue
arrow shows blinking phenomenon of the last step.

smPB. Therefore, interrogation of membrane-attached peptides and proteins becomes easy and precise. We conclude
that single-molecule imaging allows direct characterization
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