
APPENDIX A

Mathematical model to predict the measured

vesicle size distribution

This appendix contains a mathematical model to predict the measured size dis-
tribution for a given vesicle population. In addition, this appendix contains as-
sumptions involved in both the mathematical model and Table 3.1 of Chapter
3.

A.1 Model

To compare the performance of the various methods on size detection, we made a
model which predicts the detected size distribution for a given vesicle population.
The model considers the detection limit and the size resolvability of each method.
With the detection limit we mean the smallest and largest biological vesicle that
can be detected due to physical limitations of the applied detection technique.
With size resolvability we refer to the ability of a method to resolve two popu-
lations with different particle size. The size distributions are generated without
considering noise.

To account for the detection limit, the model simply rejects vesicles from the
input population that cannot be detected because they are too small or too large
to be detected by that method. Table A.1 shows the detection limit for each
method as used by our model. For commercial flow cytometers based on light
scattering, nanoparticle tracking analysis (NTA), fluorescence nanoparticle track-
ing analysis (F-NTA), and Coulter counters, the detection limit is provided by
the references. The lower detection limit of dynamic light scattering(DLS) and
fluorescence correlation spectroscopy (F-CS) depends on the polydispersity of the
sample. Since large vesicles scatter more light or show more fluorescence than
small vesicles, smaller vesicles cannot be detected. For DLS, we assume that all
vesicles for which the scattering coefficient per diameter range is smaller than 28
times the maximum detectable scattering coefficient cannot be detected. The fac-
tor 28 was chosen by considering a 12-bits detector that due to noise effectively
uses 8-bits to measure intensity fluctuations in the signal. With F-CS, the amount
of fluorescence is assumed to be proportional to the surface area of the vesicles.
All diameters for which the surface area times the concentration is smaller than
28 times the maximum are rejected. For stimulated emission depletion microscopy
(STED), X-ray microscopy, transmission electron microscopy (TEM), and atomic
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Table A.1: Detection limit, size resolvability, and full width at half maximum (FWHM) of
the Gaussian function as used to calculate the size distribution of the detection methods.

Method Detection
limit (nm)

Size
resolvability

Gaussian
FHWM

References

Scattering flow
cytometry

300 280 nm 280 nm [251, 225, 320]

DLS 70 F = 2 2/3 d [137, 48, 170, 101]
NTA 50−1000 F = 4/3 2/7 d [56]
STED microscopy 16 16 nm 16 nm [320]
F-CS 30 F = 2 2/3 d [274]
F-NTA 1 F = 4/3 2/7 d [56]
X-ray microscopy 12 12 nm 12 nm [59]
TEM, AFM 1 1 nm 1 nm [36]
Impedance-based flow cytometry 300 F = 1.1 2/21 d [144, 257, 338]

AFM, atomic force microscopy; DLS, dynamic light scattering; F: size resolvability fac-
tor; F-CS, fluorescence correlation spectroscopy; F-NTA, fluorescence nanoparticle track-
ing analysis; NTA, nanoparticle tracking analysis; STED, stimulated emission depletion;
TEM, transmission electron microscopy.

force microscopy (AFM) the detection limit is supposed to be equal to the imaging
resolution.

After rejecting vesicles from the input population by considering the detec-
tion limit, the remaining size distribution is convolved with a Gaussian function
to account for the size resolvability. Applying a Gaussian convolution to a size
distribution is comparable to applying a Gaussian blur filter to an image. The
larger the full width at half of the maximum (FWHM) of the Gaussian function,
the more the image is blurred and the more difficult it is to resolve details from
the image. Table A.1 shows the size resolvability and the FWHM of the Gaussian
function for each method as used by our model. For commercial flow cytometers
based on light scattering, a size resolvability of 280 nm is used [251, 225]. For
all microscopy methods, the FWHM of the Gaussian function is defined by the
imaging resolution. Due to the physical nature of many non-imaging methods,
the size resolvability is often expressed as a factor F in size difference that can be
resolved. For example, for DLS the mean size of two sub populations can only be
resolved from the autocorrelation of the intensity fluctuations if the size difference
between the particles is roughly a factor 2 [137, 48, 170, 101]. So in case of DLS,
a sub population of vesicles with 200 nm in diameter can potentially be resolved
from a sub population of 400 nm vesicles, but a sub population of 400 nm vesicles
cannot be resolved from a sub population of 600 nm vesicles. We account for this
by increasing the FWHM of the Gaussian function during convolution. Figure A.1
shows how we calculated the FWHM of the Gaussian function as function of the
diameter d and the size resolvability factor F . The solid black curves are Gaussian
distributions at position d, Fd, and F 2d. By definition, two Gaussian distributions

152



A.2. Assumptions involved in model and table 3.1

hF2dhF2d

F2d

hFd

d

hFdhd

 Gaussian
 Sum

Fd

Diameter (a.u.)

C
on

ce
nt

ra
tio

n 
(a

.u
.)

Figure A.1: Concentration vs.
diameter for three Gaussian dis-
tributions centered at diameter d,
dF and dF 2 (solid line) and the
sum of the three Gaussian distri-
butions (dashed line). The full
width at half maximum (FWHM)
of the Gaussian distributions do
not overlap. Therefore, the Gaus-
sian distributions can be resolved
from their sum.

Table A.2: Wavelength (λ) and numerical aperture (NA) as used to calculate the res-
olution of optical microscopy, nanoparticle tracking analysis (NTA), fluorescence mi-
croscopy, and fluorescence nanoparticle tracking analysis (F-NTA).

Method λ(nm) NA Resolution (nm)

Optical microscopy 532 1.4 200
NTA 635 0.4 1000
Fluorescence microscopy 532 1.4 200
F-NTA 405 0.4 600

can be resolved from their sum if their FWHM do not overlap. Mathematically
this can be expressed as follows:

d+ hd ≤ Fd− hFd (A.1)

where hd is the half width at half of the maximum of the Gaussian distribution.
Solving Eqn. A.1 for the FWHM gives:

FWHM(d) = 2hd ≤ 2
F − 1

F + 1
d (A.2)

By using Eqn. A.2 to calculate the FWHM of the Gaussian function as function
of d, the sum of the three Gaussian functions from Fig. A.1 can still be resolved,
as shown by the dashed curve.

A.2 Assumptions involved in model and table 3.1

A.2.1 Resolution

The resolution of optical microscopy, NTA, fluorescence microscopy, and F-NTA
are determined using Eqn. 3.1. Table A.2 summarizes the used values for λ
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and NA. Values for F-NTA are obtained from the product specifications of a
commercialized system [56]. The resolution is rounded off to 100 nm, since that is
approximately the order of accuracy. For the other methods described in Chapter
3, the resolution is provided by the references.

A.2.2 Measurement time

In Table 3.1, the measurement time for all microscopy methods for imaging 10,000
particles is estimated at 1 h or longer. We assume that one image contains on
average 100 particles. Although recent technological developments yield an image
acquisition time faster than 1 s for each method [321, 330, 160, 141], taking 100
images within 100 s is currently not feasible since several actions have to be per-
formed before an image can be acquired. For example, the region of interest has to
be selected and for some methods the focal distance must be set. Sample regions
might be damaged or simply contain no vesicles, which requires human interven-
tion in case of automated microscopes. Therefore, assuming a measurement time
of 1 min per image is more realistic, resulting in a total measurement time of 1 h
or longer. For routine clinical use, imaging of vesicles requires dedicated image
analysis software to process the data quickly and accurately.

The measurement time for Raman spectroscopy on 10,000 particles is estimated
at 3 h or longer, based on the setup of Dr. C. Otto. In this setup, vesicle tracing is
automated using scanning electron microscopy (SEM) and high-speed nanometer
resolution positioning stages. The time to measure the Raman spectrum of a single
vesicle is assumed to be 1 s, so the measurement time of 10,000 particles is in the
order of 3 h. For the other methods described in Chapter 3, the measurement time
is provided by the references.

A.2.3 Hydrodynamic diameter

Table 3.1 states that DLS, NTA, F-CS, and F-NTA provide the particle diameter
under the assumption of d = dh. Instead of determining the diameter d of a parti-
cle, the methods determine the hydrodynamic diameter dh. That is the diameter
of a perfect solid sphere that has the same translational diffusion properties as the
particle being measured. We assume that d equals the dh.
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