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Abstract
In health and environmental research, it is often necessary to quantify the concentrations of single
(bio)nanoparticles present at very low concentrations. Suitable quantification approaches that rely on
counting and tracking of single fluorescently labelled (bio)nanoparticles are often challenging since
fluorophore self-quenching limits themaximumparticle brightness. Herewe study how the number
of labels per nanoparticle influences the total brightness offluorescently labelled cowpea chlorotic
mottle virus (CCMV).We analyze in detail the photophysical interplay between the fluorophores on
the virus particles.We deduce that the formation of dark aggregates and energy transfer towards these
aggregates limits the total particle brightness that can be achieved.We show that by carefully selecting
the number offluorescent labels per CCMV, and thusminimizing the negative effects on particle
brightness, it is possible to quantifyfluorescently labelledCCMVconcentrations down to fM
concentrations in single particle counting experiments.

1. Introduction

Single particle tracking is a well-established method to
quantify particle concentrations and size distributions
[1–4]. Micrometer sized particles can be directly
visualized and tracked in microscopy approaches.
Nanometer sized particles can be directly detected via
scattering if their scattering cross section is high [5–7].
For counting and tracking nanoparticles with a low
scattering cross section, such as bio- and polymer-
nanoparticles, alternative visualization approaches are
required. Labelling these nanoparticles with multiple
fluorophores gives them a high fluorescent brightness
that allows their discrimination from the background
influorescencemicroscopy [8–10].

While bright fluorescent polymer (nano)beads are
commercially available and their synthesis is well
established [11, 12], obtaining bright bio- nano-
particles is more challenging [13, 14]. The labelling of

e.g. antibodies and viruses with multiple fluorophores
does not necessarily result in bright particles. It has
been shown that self-quenching of fluorophores
results in a non-linear relation between brightness and
the number of fluorophores per bio-nanoparticle. The
presence of more fluorophores on single bio-nano-
particles has even been reported to result in dimmer
particles [13, 15, 16]. The limit in the brightness that
can be achieved may hamper the use of single particle
methods for particle quantification in applications.

Here we investigate if individual fluorescently
labelled cowpea chlorotic mottle viruses (CCMV) can
be detected and tracked. We produce CCMV virus
particles with an increasing number of attached fluor-
ophores and investigate the effect of this labelling on
the fluorescence brightness. We observe an optimum
in the particle brightness and deduce the photo-
physical mechanisms responsible for the fluorophore
quenching that limits the brightness that can be
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achieved. We show that bright labelled CCMV virus
particles can be tracked individually and that con-
centrations as low as 2 fM can be quantified by count-
ing individual particles. We foresee applications of
bright fluorescently labelled viruses in e.g. the optim-
ization of virus removal/inactivation membranes for
water purification [17, 18]. Additionally, our results
indicate that diagnostic methods that rely on detecting
with fluorescently labelled aptamers [19] or antibodies
should be optimized for the highest brightness instead
of for themaximumamount of bound fluorophores.

2.Materials andmethods

All chemicals were purchased from Sigma Aldrich
unless stated otherwise.

2.1. Preparation offluorescently labelledCCMV
Wild-type CCMV virus was obtained according to
literature procedures. [20, 21] The space filling model
of the CCMV crystal structure [22, 23] shows that
there are at least six surface exposed primary amine
groups [24] present per subunit of capsid protein.
These primary amines can be used to fluorescently
label the virus. With a total number of 180 capsid
proteins per virus the maximum number of fluoro-
phores per virus is potentially large. The formation of
stable amide bonds between the amine groups on the
capsid proteins and fluorophores was performed by
following the procedure reported in the literature [25].

In short, the amine groups on the capsid proteins
of CCMV (2 mgml−1=0.43 μM) were allowed to
react with the N-hydroxysuccinimidyl (NHS) ester of
Atto647N ( ATTO-TEC GmbH), (1 mgml−1=1.2
mM in DMSO). The labelling was performed by mix-
ing a range of excess fluorophore concentrations
(1.5–30 μM) into 400 μl of a 0.43 μMCCMV solution
in 50 mM phosphate buffer (pH 7.5). This solution
was incubated for 1 h at room temperature. Subse-
quently, the modified viruses were separated from
unreacted fluorophores using a zeba-spin desalting
column (30kDmolecular weight cut-off) and stored at
4 °C. Non-specific binding of Atto647N to the virus
particles was negligible (figure SI 1 available online at
stacks.iop.org/MAF/9/025001/mmedia).

2.2. Characterization offluorescently
labelledCCMV
For the photophysical characterization of the labelled
CCMV particles, we made use of several instruments.
Absorbance spectra were recorded on a NanoDrop
1000 spectrometer (Thermo Scientific) and a UV–vis
spectrophotometer (UV-2600, Shimazu). Fluores-
cence anisotropies, as well as excitation and emission
spectra, were obtained using a fluorescence spectro-
photometer (Eclipse, Cary). Fluorescence decays were
measured on a spectrofluorometer (FluoroMax 4,

Horiba-Jobin) equipped with the TCSPC extension.
All experiments were carried out at room temperature.

The number of attached fluorophore molecules
per virus (or degree of labelling, DOL) was derived
from the absorbance at 260 nm and 646 nm. CCMV
does not absorb at 646 nm, the molar extinction coef-
ficient of the virus at 260 nm was reported to be
2.7*107 M−1cm−1 (5.87 cm2 mg−1 [26, 27]). The
molar extinction coefficient of Atto647N at 646 nm is
150000 M−1cm−1, the absorbance of Atto647N at 260
nm is low with an extinction coefficient of 600
M−1cm−1. Thefluorophore absorbance at 260 nmwas
taken into consideration in calculating the DOL. Note:
the formation of fluorophore aggregates causes a small
change in the peak extinction coefficient. This
decrease of extinction coefficient was not considered
in determining the DOL, resulting in an under-
estimation of the DOL for samples with high numbers
offluorophores per virus particle.

Excitation and emission spectra were recorded
using λdetection = 680 nm and λexcitation = 640 nm
respectively. Fluorescence decays were recorded using
a 640 nm fiber coupled pulsed laser (Fianium Super-
continuum, SC400-pp) light source with an additional
647 nm long-pass emission filter (Semrock, blp01-
647r). The fluorescence decays were analyzed using
the DAS6 Decay Analysis software (HORIBA
Scientific).

2.3. Virus capsid disassembly
The surfactant sodium dodecyl sulfate (SDS) was used
to disassemble the virus capsids [28, 29]. SDS concen-
trations up to 3.5 mM were added to a 0.25 μM
solution of labelled CCMV viruses. After equilibration
for 30 min emission spectrawere recorded.

2.4.Quantification of virus concentration using
single particle tracking
Virus particle counting and tracking experiments were
done on an inverted microscope (Nikon Ti-2000)
equipped with a custom in-coupling for a multimode
638 nm 2.1W laser diode (Mitsubishi-lasers, ML-
562G85-01) powered by a laser driver (Wavelength
electronics, LD5CHA-A). Through the microscope
backport excitation light was focused on the back focal
plane of the objective (Nikon, CFI PlanApo 60xNA1.2
Wi). The microscope filter cube contained an excita-
tion filter to remove any wavelength above 640 nm
from the laser source (Semrock, ff01-637/7). The
dichroic mirror (Semrock, Di02-r635) spectrally sepa-
rates the excitation from the emitted light. The
emission was filtered by a band-pass filter from 650
nm to 710 nm (Chroma, D660/50) and an additional
647 nm long-pass filter (Semrock, blp01-647r). The
fluorescence was detected by a camera (Basler,
acA2440-35um) fitted with a 0.52x camera adapter to
match the diffraction limited spot size with the 2×2
binned pixel size. The illuminated area was
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determined to be approximately 60×120 μm with a
power density 12 kW cm−2. Excitation illumination
was synchronized to a 5 ms exposure time at a
framerate of 35 frames/s for counting and 75 frames/s
for particle tracking.

As sample substrates, we used #1.5 microscopy
coverslip (Thermo Scientific) rinsed with spectrosc-
opy grade ethanol (Ethanol Uvasol, Merck Millipore)
and treated in a UV ozone cleaner (Bioforce Nanos-
ciences). On these microscopy slides flexwell incuba-
tion chambers (Grace Bio-Labs) were placed to create
wells. To individual wells, 50 μl of labelled virus solu-
tion was added. The wells were covered with another
#1.5 microscopy coverslip to prevent evaporation of
the solution. To measure the fluorescence intensities
of single viruses we allowed labelled viruses to settle at
the bottomof a cleaned glass slide before imaging.

There are several tools available to locate and
count diffraction limited spots in images. These tools
are mostly based on the widely-used Crocker-Grier
algorithm [30]. Here we selected Trackpy [31], a well-
documented Python implementation of the Crocker-
Grier particle tracking algorithm, to locate and count
the fluorescently labelled CCMV particles. To exclude
false positives, e.g. from noise or (far) out of focus sig-
nal, an intensity threshold was used and the identified
particles were required to be present for a least 3 con-
secutive frames.

3. Results and discussion

3.1. Photophysics offluorophore-fluorophore
interaction onfluorescently labelled viruses.
We aim at detecting single labelled model viruses and
at quantifying very low virus concentrations using
single particle detection. For this, we selected the
cowpea chlorotic mottle virus (CCMV), a bromovirus
of the Bromovidae family, as a model system. CCMV
comprises of 180 identical protein subunits [23]which
are arranged around a positive sense single-stranded
RNA (ssRNA) genome to form a T=3 icosahedral
cage-like structure. The capsid of the virus particle has
an outer radius of 14 nm [32, 33].

To determine the optimal labelling for single
CCMV detection and quantification we prepared a
series of labelled virus particles with an increasing
DOL (degree of labelling, see materials and methods).
It is anticipated that more labels make the particles
brighter and easier to detect; the brightness should
scale linearly with the increase inDOL.However, close
proximity of fluorophores is known to lead to self-
quenching of fluorescence [34] resulting in dimmer
fluorescent virus particles than expected. Additionally,
having many labels on a single virus may, inad-
vertently, change the surface properties and/or affect
the stability of the virus capsid. More labels are there-
fore not necessarily better and desirable.

After labelling the viruses, UV–vis absorbance
spectra are recorded (figure 1(A)). In these spectra, we
observe peaks that can be attributed to the absorbance
of the RNA, the protein and the fluorophore. The
absorbance peak at 260 nm mainly results from the
CCMV, the fluorophore absorbs very little at this
wavelength. The absorbance of the fluorophore
Atto647N is visible as a broad absorption band from
550 nm to 700 nmwithmaxima at∼600 nm and∼645
nm. The spectral position of the absorption peaks
from the virus and fluorophore are in good agreement
with the literature and Atto-tech GmbH product
information.

From the recordedUV–Vis absorbance spectra the
DOLwas determined spectroscopically as described in
the materials and methods section. Note that due to
the stochastic labelling of the viruses the number of
labels per virus varies, the determined DOL is an
ensemble averaged number of fluorophores per virus.
Based on the absorbance spectra we find that the label-
ling of the viruses at different fluorophore concentra-
tions resulted in DOLs, rounded to the next integer, of
3, 5, 7, 14, 24 and 43 fluorophores per virus particle.
These will from now on be referred to as DOL03,
DOL05, DOL07, DOL14, DOL24 and DOL43 virus
particles.

Subsequently, fluorescence spectra of the virus
particles at all DOLs were recorded at identical virus
concentrations (figure 2(A)). When bound to the
virus, ATTO647N shows a characteristic red fluores-
cence. For the ATTO647N labelled viruses the fluor-
ophore absorption and emission spectra significantly
overlap (figure 1(B)). At low DOL the emission peak is
found at 664 nm. Interestingly, we observe a bath-
ochromic shift in the fluorescence emission spectra at
high DOLs (DOL24, DOL43). Not only does the peak
position shift with DOL, the fluorescence also
becomes dimmer for the highest DOL. With the
increasing amount of fluorophores the total emission
intensity of the virus solution at the peak maximum
increases fromDOL03 to DOL14. The emission inten-
sity then decreases for higher DOL (figure 2(B), figure
SI 2). Already at moderate DOLs more fluorophore
molecules on the virus particle does not result in
brighter virus particles.

Replotting the measured peak emission intensity
as the emission intensity per fluorophore shows that at
low DOLs of DOL03 and DOL05 the emission per
fluorophore is approximately constant (figure 2(C)).
However, already from DOL07 onwards a decrease in
the emission per fluorophore is observed (figure 2(C)).
The change in emission intensity per fluorophore
indicates that the fluorophores interact and quench
each other at already surprisingly lowDOLs.

To verify that close proximity is indeed respon-
sible for the decrease in emission per fluorophore and
the observed redshift at high DOLs, we performed
experiments in which we disassemble the virus parti-
cles into the individual capsid proteins. Due to the low
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number of fluorescent labels per virus particle, it is
unlikely that an individual capsid protein carries more
than one fluorophore. The disassembly of the capsid
into individual capsid proteins hence results in the
breaking of interactions between fluorophores on dif-
ferent proteins of the same virus. For the virus

disassembly experiments we choose DOL43 for which
a strongly quenched fluorescence and a red shifted
emission maximum was observed. We used the sur-
factant sodium dodecyl sulfate (SDS) to disassemble
these viruses [28, 29].

Figure 1. (A)Absorbance spectra of CCMV labelledwith Atto647N atDOL03 (blue), DOL24 (orange), DOL43 (red). (B)Absorbance
(blue) and emission (red) spectra of Atto647N atDOL03.

Figure 2. (A)Emission spectra ofDOL03 (blue), DOL24 (orange), andDOL43 (red) viruses at constant CCMVconcentration. At high
DOL the emission is redshifted and the emission intensity is decreased due to quenching. (B)Emission intensity at the emission
maximumas a function of theDOL. At lowDOL the emission intensity increases linearly with the number of labels.With increasing
DOL the emission intensity goes through amaximumbefore it strongly decreases. (C)Emission intensity perfluorophore as a
function ofDOL. FromDOL07 onwards the emission intensity perfluorophore decreases.
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Upon addition of increasing SDS concentrations
(0.175–3.5 mM) to DOL43 virus particles the fluores-
cence intensity increases and the emission maximum
shifts to the blue (figure 3). Hence, with the increasing
SDS mediated solubilization of individual capsid pro-
teins more and more fluorophore-fluorophore inter-
actions are broken and the fluorescence is recovered.
This confirms that fluorophore-fluorophore interac-
tions are responsible for the observed decrease in
emission per fluorophore with increasing DOL
(figure 2(C)).

To determine which interaction mechanism is
responsible for the observed quenching, we measured
fluorescence excitation spectra, fluorescence decays
and fluorescence anisotropies for virus particles at all
DOLs. Close inspection of the absorbance of the fluor-
escent label at different DOLs shows that with increas-
ing DOL a new peak appears at 605 nm, blue shifted to
the main absorbance peak (figure 4(a)). This new peak
in the absorbance spectra lacks a counterpart in the
excitation spectra (figure SI 3). The fluorescence decay

curves show that the average fluorescence lifetime
remains constant at ∼3.7 ns for DOLs up to DOL07
before gradually decreasing to∼1.6 ns for DOL43. The
fluorescence anisotropy steadily decreases with
increasingDOL.

The appearance of a spectral band, blue shifted
compared to the main absorbance band, with increas-
ing DOL, while this peak is absent in the excitation
spectra (figure SI 3), indicates the presence of dark,
non-fluorescent fluorophore aggregates on the virus
particles. The stacking of fluorophores in dark
H-aggregates is a well-known mechanism of fluor-
ophore self-quenching [35–38]. Non-fluorescent
ground state fluorophore complexes do not emit light,
hence these complexes do not contribute to the
observed ensemble averaged fluorescence lifetime.
The presence of dark fluorophore aggregates does
therefore not directly change the fluorescence lifetime.
However, we observe a decrease in fluorescence life-
time at higher DOLs. This clearly indicates the exis-
tence of an additional quenchingmechanism.

Figure 3.Emission spectra of fluorescent CCMVDOL43 particles upon SDS induced virus disassembly.With increasing SDS
concentration the emissionmaximumblue shifts and the emission intensity strongly increases. From red to purple the SDS
concentration increases from 0 to 3.5mM.The inset shows the evolution of the emissionmaximumwith increasing SDS
concentration.

Figure 4. (A)Peak normalized fluorophore absorbance spectra forDOL03 (blue), DOL24 (orange), DOL42 (red) virus particles.With
increasingDOL a newpeak appears at approximately 605 nm, blue shifted to themain absorbance peak. (B)Average fluorescence
lifetime as a function ofDOL. At lowDOL thefluorescence lifetime is constant, at higherDOL it strongly decreases. (C) Fluorescence
anisotropy as a function ofDOL.With increasingDOL the anisotropy steadily decreases.
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The observed decrease in anisotropy cannot be
attributed to a change in rotational correlation time of
CCMV as a result of labelling or aggregation of virus
particles with increasing DOL. With an increase in
mass the rotational diffusion of the particle decreases,
which would result in an increase of the anisotropy.
We observe the opposite: a decrease in anisotropy with
increasing DOL. The decreasing anisotropy with
increasing DOL evidences coupling of the fluor-
ophores on individual virus particles via fluorescence
resonance energy transfer (FRET). The transfer of
excitation energy from an initially excited fluorophore
to a fluorophore in a different orientation leads to
depolarization of fluorescence. The observed redshift
of the emission spectrumwith increasing DOL is as an
additional indication that identical fluorophores on a
single virus particle are coupled via a homo-FRET
mechanism. Previously, it has been shown that homo-
FRET results in a redshift in emission [39]. This can be
rationalized considering that homo-FRET in a sample
showing inhomogeneous broadening is not fully ran-
dom. Energy transfer preferentially occurs frommem-
bers in the ensemble that emit at a shorter wavelength
to those absorbing at higher wavelengths [40]. As a
result, a red shift of the emission with increasing
homo-FRET can be observed. Since the total fluor-
ophore concentration in the samples remains low,
even at high DOLs the redshift of the spectrum cannot
be attributed to re-absorbance of emitted photons.

Homo-FRET between identical fluorophores does
not directly decrease the fluorescence lifetime. How-
ever, dark fluorophore aggregates can act as energy
sinks accepting the transfer of excited-state energy
fromnearbyfluorophores via a FRETmechanism. The
energy transfer to a dark ground-state aggregate thus
results in a decrease of the fluorescence lifetime of the
fluorophores that are present within the energy trans-
fer range. This agrees well with our observations: 1) At
low DOLs the absorbance spectra do not show indica-
tions of the formation of dark ground state complexes
while additionally, the fluorescence lifetime stays con-
stant, yet the fluorescence anisotropy decreases due to
increasing homo-FRET. 2) The absorbance spectra for
high DOLs indicate that ground state complexes form.
The decreasing fluorescence lifetime is a result of exci-
ted-state energy transfer to these dark aggregates that
act as energy sinks. This effect on the fluorescence life-
time is enhanced via a homo-FRETmechanism visible
as a further decrease in anisotropy.

To test this hypothesis we used a simplified model
to estimate nearest neighbour distances between
fluorophores attached to single virus particles for dif-
ferent DOLs. The model calculation gives, for the dif-
ferent DOLs, the probability for the formation of dark
fluorophore aggregates and the probability of fluor-
ophores being in energy transfer range. The model
confirms our hypothesis and qualitatively agrees with
our experimental observations on fluorescence

intensity, anisotropy and lifetime for the different
DOLs (see SI).

In summary, two different mechanism act toge-
ther resulting in the observed very strong quenching of
fluorescence with increasing DOL. Close proximity of
fluorophores on the virus capsid results in the forma-
tion of dark fluorophore aggregates. The decrease in
brightness resulting from the aggregate formation is
further increased by FRET from non-quenched fluor-
ophores on the virus capsid to the non-fluorescent
aggregates that act as an energy sink. With increasing
DOL the increasing emission that results from more
fluorophores per particle competes with the increasing
chance of formation of a dark aggregate on the virus
particle and FRETbetweenfluorophores.

3.2. Counting singlefluorescently labelled viruses
The photophysical characterization of the fluores-
cently labelled viruses at different DOLs shows that the
brightest emission per virus in our set is found at
DOL14 andDOL24. Bright particles will make it easier
to visualize and count individual viruses. Hence, we
chose to perform virus counting and concentration
determination experiments with DOL24 viruses. We
diluted the DOL24 virus particle solution to concen-
trations at which we expect to detect single particles in
our wide-field imaging set-up (see experimental
section 2.4).

To further characterize the particles we deter-
mined the intensity distribution of the DOL24 viruses.
To avoid including fluorescence from viruses that are
not in the focal plane, we immobilized the virus parti-
cles at different concentrations on the surface of a glass
slide. We aim at determining the distribution of
brightness of individual labelled virus particles, we do
not aim at obtaining absolute values for the particle
brightness. Any bias from the glass interface on the
particle emission intensity we neglect since all particles
would experience the same bias.

In figure 5 we plot the probability distribution of
single virus fluorescence intensities. We observe a
broad intensity distribution that agrees well with a log-
normal distribution. The observed broad brightness
distribution is likely a result of a combination of (1) the
photophysics discussed above and (2) the imaging
method itself. (1) The viruses were labelled stochasti-
cally; this is expected to result in a Poissonian distribu-
tion of the number of labels per virus for each DOL
(which is an ensemble average). The labelling density
however negatively affects the brightness of individual
fluorophores by forming dark aggregates. The forma-
tion of dark aggregates and excited state energy trans-
fer to these aggregates skews the brightness
distribution and results in a lower mean brightness.
Note that the dark states will only form if the stochastic
labelling results in close proximity of two (or more)
fluorophores on one virus particle. Hence, dark aggre-
gates will not form on all viruses, very bright ones will
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still appear in the distribution. 2) Previous work has
shown that variations in e.g. excitation- or detection
efficiency contribute to the conversion of the expected
Poissonian distribution into the experimentally
observed log-normal distribution [41]. As expected
further dilution of the DOL24 virus samples did not
change the shape of the cumulative intensity distribu-
tion (figure 5 inset). This indicates that viruses did not
aggregate with increasing concentrations. Dilution
only resulted in fewer virus particles per area (figure
SI 5).

Next, we investigated if individual DOL24 parti-
cles can be detected in the solution. In solution, the
labelled viruses can be clearly observed. We see sharp
fluorescent spots which represent viruses present in
the focal plane but also see contributions from viruses
that are located outside the focal plane (figure 6(A)).
We are able to follow the free diffusion of the particles

in solution (see Materials and Methods 2.4). From the
trajectories of the fluorescent virus particles, the mean
squared displacements (MSD) can be determined.
From the MSD and the Stokes-Einstein relation, we
determine the mean radius of the viruses to be 15 nm
with a standard deviation of± 3.6 nm. This value is in
good agreement with the radius of CCMV reported in
the literature [32] and confirms that we are observing
single virus particles.

We then moved to the detection and counting of
DOL24 virus particles in solution.We count the num-
ber of viruses in the detection volume with decreasing
concentrations. We plotted the number of particles in
the detection volume as a function of the virus particle
concentration. The number of single fluorescent virus
particles decreased linearly with the decrease in virus
concentration (figure 6(B)). We were able to detect the
number of particles/volume in concentrations from

Figure 5.Brightness distribution of surface immobilizedDOL24CCMVparticles (total of 3638 particles). The observed brightness
distribution is broad and agreeswell with a log-normal distribution (red line, as guide to the eye). Inset: Cumulative normalized
brightness distribution (10 count bins) for different CCMVconcentrations. Fromblue to red the concentration increases from0.2 to
2.7 pM.As expected, changes in concentration do not affect the brightness distribution.

Figure 6. (A)Typical fluorescencemicroscopy snapshot of DOL24CCMVparticles in solution (cCCMV=2.7 pM). Both bright
fluorescent spots originating fromviruses in the focal place and signal fromout of plane fluorescence are visible. (B)Counted number
of virus particles per detection volume as a function of the CCMVconcentration. The experiment was done in triplicate, the error bars
represent the standard deviation. As expected, a linear relation between these two parameters can be observed down to fM
concentration. Inset: Linear representation of the data.
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pM to fM. The linear relation shown in figure 6 evi-
dences that the quantification of the concentration is
accurate. It further allows us to quantify our detection
volume. From the slope of 1.06·1013±1.2·1011 we
deduce that the detection volume is approximately 18
pl.With our known field of view of 6600μm2 this gives
a depth of particle detection of approximately 3 μm.
Considering that also out of focus particles are detec-
ted and counted, this agrees with expectations for the
microscope objective used.

We quantified virus concentrations down to ∼2
fM. This concentration does however not represent a
fundamental limit of the method. At low concentra-
tions, observing viruses in the detection volume based
on diffusion becomes a rare event. Note that for the
lowest virus concentrations we currently detect less
than 1 virus per 10 sample detection volumes. Quanti-
fying even lower concentrations would require longer
sampling times. Alternatively, to sample more volume
per time, the sample volume could be actively refre-
shed by introducing flow.

4. Conclusions

In conclusion, single particle counting is a fast and
simple method to accurately quantify low concentra-
tions of fluorescently labelled CCMV viruses. We
showed that fluorophore self-quenching limits the
maximum particle brightness. To obtain the bright
and easily detectable single particles required for
quantifying concentrations, attention has to be paid to
the interplay between fluorophores. A combination of
the formation of dark H-aggregates and excited state
energy transfer to these aggregates limits the total
particle brightness when increasing the DOL. How-
ever, by carefully selecting the DOL, bright particles
are obtained and concentrations down to 2 fM could
be quantified. This particle concentration does not
represent a fundamental limit of concentration deter-
mination by single particle counting, sampling longer
will give access to even lower concentrations. Fluores-
cently labelled viruses may find applications in the
optimization of membrane filters for water purifica-
tion that aim at virus removal and inactivation
[17, 18]. The obtained results are however relevant in a
broader context. Although the label density on the
virus particles is not very high, we observe strong
quenching. Aptamers [19] and antibodies that are used
in e.g. diagnostic methods also rely on stochastic
fluorescent labelling to obtain enough signal. Con-
sidering that these particles are even smaller than the
viruses discussed here we expect that quenching sets in
at very low DOLs. To optimize detection schemes that
involve fluorescently labelled antibodies and apta-
mers, labelling needs to be optimized for the highest
brightness instead of for the maximum amount of
boundfluorophores.
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