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Summary

Colloidal gold is a useful marker for functional-imaging
experiments in transmission X-ray microscopy. Due to the
low contrast of gold particles with small diameters it is
necessary to develop a powerful algorithm to localize the single
gold particles. The presented image-analysis algorithm for
identifying colloidal gold particles is based on the combination
of a threshold with respect to the local absorption and
shape discrimination, realized by fitting a Gaussian profile to
the identified regions of interest. The shape discrimination
provides the possibility of size-selective identification and
localization of single colloidal gold particles down to a
diameter of 50 nm. The image-analysis algorithm, therefore,
has potential for localization studies of several proteins
simultaneously and for localization of fiducial markers in
X-ray tomography.

Introduction

X-ray microscopy allows high-resolution imaging of thick
biological structures with natural contrast. Functional
imaging requires high-spatial-resolution localization of
specificproteins. InX-raymicroscopy,colloidalgoldisasuitable
marker due to its strong absorption. In this paper we present
an image-analysis algorithm that size-selectively can detect
single colloidal gold particles in transmission X-ray microscope
(TXM) images, aiming towards high-resolution localization
studies.

Immunolabelling is an established method for localization
of proteins in cells both in light microscopy and electron
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microscopy. Fluorescence microscopy allows studies of dye-
labelled proteins in living cells. Several proteins can be studied
simultaneously by double labelling, i.e. different proteins are
tagged with different fluorophores in combination with a
multicolour detection. One important field of application are
colocalization studies of proteins. In electron microscopy,
immunogold labelling has been a standard method for many
years (Faulk & Taylor, 1971; Roth, 1983). Both colloidal gold
and silver-enhanced colloidal gold markers of different sizes
are used. Double-labelling experiments based both on size
selectivity and element selectivity have been described for
electron microscopy (Roth & Binder, 1978; Roth, 1983). In
electron microscopy the resolution is high and the diameter of
a colloidal gold particle in the image often covers 10 or more
resolution elements. In this case standard pattern recognition
methods as described in Gonzales & Woods (2002) can be
used.

Soft X-ray microscopy in the water-window region
(λ=2.3–4.4 nm) is an attractive technique for high-resolution
biological imaging owing to the possibility of studying thick
unstained objects (Schmahl et al., 1980; Kirz et al., 1995).
Such microscopes rely on the natural contrast between water
and, e.g. carbon-containing material. Soft X-ray microscopy
allows imaging of whole hydrated or cryo-fixed cells with a
resolution of a few tens of nanometres and can, therefore,
fill a gap between electron microscopy and light microscopy
applications. However, only a few experiments have been
published on functional imaging. A theoretical approach to
use colloidal gold as a marker for scanning X-ray microscopy
was developed by Chapman and colleagues (Chapman et al.,
1996a)anddemonstratedonfibroblastcellswheretubulinwas
labelled with gold (Chapman et al., 1996b). In transmission
X-ray microscopy colloidal gold has been used to determine the
presence of certain proteins (Vogt et al., 2000) and to visualize
microtubule networks (Meyer-Ilse et al., 2001). In both cases
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anintensitythresholdwasusedtoobtainoverviewinformation
about the protein localization.

In the present paper we describe an image-analysis
algorithm to determine the specific position of single colloidal
gold particles in TXM images. Furthermore, we investigate the
potential for size selectivity in samples double labelled with gold
particles of different diameters. The major issue is the limited
contrast and, thus, low signal-to-noise ratio for small-diameter
gold particles. The algorithm has potential applications
in high-resolution localization studies of several proteins
simultaneously, colocalization studies, and localization of
fiducial markers in tomography.

Experimental arrangement

X-ray microscopes

To develop and optimize the algorithm, images were recorded
with the TXM at BESSY II in Berlin. The instrument is located
at an undulator beam line. The rotating condenser system is
adapted to the highly collimated X-ray beam of the undulator
and can match the numerical aperture of any micro objective
zone plate (Niemann et al., 2000). The actual arrangement of
the TXM (Guttmann et al., 2003) is using a micro zone plate
with 25-nm outermost zone width. No object structures with
spatial frequencies higher than the cut-off frequency of the
optical system will be transferred (Vogt et al., 2000). The cut-off
frequency derived for the actual set-up corresponds to smallest
feature sizes of 19.5 nm. The images used for the present study
were taken at a wavelength λ = 2.36 nm. The pixel size in the
object plane was 9.8 × 9.8 nm2. Besides the BESSY II images,
images recorded with the compact X-ray microscope at KTH
in Stockholm (Takman et al., 2006, ) at a wavelength of λ =
2.48 nm were used to test the performance of the algorithm.

Specimen preparation

The test samples were dry specimens containing both
cell-like structure and colloidal gold particles. Diatoms
were chosen as cell-like structures. The diatoms from the
Experimental Phycology and Culture Collection of Algae
(Göttingen/Germany) were suspended in distilled water. This
solution was mixed with monodispersed suspensions of
colloidal gold particles in distilled water from BBInternational
(Cardiff, U.K.). The mean diameters of the chosen colloidal
gold particles were 39.9, 50, 80.8, 100.7 and 154.1 nm
according to the manufacturer, all with a standard deviation
in size of 8%. The final mixture was dropped on a silicon
nitride membrane and let dry. The samples contained either
one size of gold particles or a mixture of two different
sizes.
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Fig. 1. Contrast for gold particles at the BESSY II transmission X-ray
microscope.

Colloidal-gold contrast

The recorded effective absorption in the TXM is size-dependent
due to the spatial-frequency dependence of the microscope’s
modulation transfer function. The contrast of the gold particles
was determined by evaluating experimental images with
gold particles of different sizes and different exposure times.
The contrast for a number of colloidal gold particles inside
and outside the background structure was calculated by
comparing the transmitted intensity in the background to
the transmitted intensity of the gold particles, normalizing
the transmission of the surrounding environment to 1. The
contrast can then be calculated by

Contrast = 1 − TAu

1 + TAu
, (1)

where T Au is the relative transmission of the gold particles
compared to the background.

Figure 1 shows the contrast of gold particles for the
BESSY II TXM.

Image analysis

In order to develop, optimize and evaluate the image-analysis
algorithm for size-selective identification and localization of
single gold particles, images containing colloidal gold particles
of different sizes and different background structures were
used. These images were taken with the TXM at BESSY II.

Figure 2 shows an overview of the algorithm. In brief,
the algorithm combines local absorption thresholding with
discrimination due to shape. The goal is to identify the position
ofasmanygoldparticlesaspossibleandtominimizeatthesame
time the number of false identifications arising from noise in
the low-signal, varying background images. In the following
the steps are described in more detail. Figure 4 in the end of this
section shows the major steps of the image-analysis algorithm
on a real image.
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Fig. 2. Flow chart of the image-analysis algorithm to localize single
colloidal gold particles in X-ray microscope images.

Absorption image

After dark-field subtraction and flat-field correction, the local
transmission image T is calculated via

T = I0

Iav
, (2)

where I0 is the intensity value in a pixel and Iav is the average
intensity value in the pixel’s immediate surrounding. This
operation smoothes larger structures while high-frequency
components of the image, like the colloidal gold particles, are
enhanced. The transmission image is then transformed into
an absorption image A according to

A = −ln T (3)

The local-transmission image T is calculated by the use of
a surrounding frame (Iav), as shown Fig. 3. This square frame
is moved pixel-by-pixel over the whole image. The optimum
size of this surrounding frame was determined by comparing
the intensity distributions in several original images with
their respective transmission image. A surrounding frame
with a width of four times the radius of the colloidal gold

Fig. 3. The calculation of the transmission value of a pixel is done by
dividing the intensity (I0) of the pixel with the averaged intensity (Iav) in a
surrounding square frame.

particles provides the optimum trade-off to maintain both
the transmission value and the shape information as close to
the original image as possible. For simplicity the size of the
surrounding is kept constant for the image and not changed
with the structural data. To reduce the execution time of the
algorithm, a square frame is used.

Thresholding

A threshold is applied to the absorption image to identify the
positions of potential colloidal gold particles. This step requires
knowledge about the imaging properties of the microscope. To
find an optimal threshold value, the colloidal-gold contrast of
the microscope (Fig. 1) is employed. The average absorption
value for a gold particle of known size can then be
calculated.

The absorption image is searched in square regions with
a side length of two times the diameter of the colloidal gold
particles. When the maximum pixel intensity in a region is
above the chosen threshold, the square region is centred on
this pixel. Again, the pixel with the maximum intensity value
is identified and the surrounding is centred once more. This
procedure is repeated until the pixel with maximum intensity
value lies in the centre of the square. The region is then marked
as a potential gold particle. The thresholding continues until
the whole image has been searched. With this search algorithm
it is possible for the found regions to overlap each other. A lower
threshold value of about 70% of the average absorption value
according to the determined contrast (Fig. 1) typically allows
more than 95% of the particles to be identified. Unfortunately,
the cell-like structures can have absorption similar to gold
particles, and might be falsely identified as colloidal gold
particles. The same is true for noise and defect pixels. To limit
the number of false identifications, the maximum absorption
value for every detected region has to be below 130% of the
average absorption value of the colloidal gold particles. In the
70–130%intervalmorethan90%ofthecolloidalgoldparticles
can be found and the number of false identifications due to
noise or defect pixels is reduced. However, there are still many
falsely identified regions, especially if the absorption of the
colloidal gold particles differs only slightly from the absorption
of the background structure. The use of only thresholding
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is, therefore, often not sufficient to unambiguously identify
colloidal gold particles in an X-ray microscope image.

Shape discrimination by Gaussian fit

In order to reduce the number of false identifications, the
shape of the potential gold particles identified by thresholding is
determined by a Gaussian fitting procedure. Due to the known
size of the colloidal gold particles this provides an effective
discrimination via size and shape criteria. A Gaussian shape
proved superior to other possible shapes for these high-noise
few-pixel absorption profiles. We fit the profiles of the pre-
identified region to two perpendicular one-dimensional (1D)
Gaussians. This method proved less noise-sensitive than the
fitting of an elliptical two-dimensional (2D) Gaussian shape.

Using a least-square fit on the regions around the potential
gold particles in the absorption image, the particles are
described as Gaussian functions in both the x- and y-directions
according to

Ax = Am,xe−
(

x−x0
wx

)2

+ Aoffset,x;

Ay = Am,ye
−

(
y−y0

wy

)2

+ Aoffset,y. (4)

The parameters to describe the 1D Gaussian distributions
are the peak positions (x0 or y0, respectively), the maximum
absorption (Am,x or Am,y, respectively) and the 1/e-radius (wx

or wy, respectively). The offset in absorption (Aoffset) is close
to zero and, therefore, neglected. The nominal radius of the
colloidal gold particles and the average absorption according
to the contrast curve (Fig. 1) are chosen as initial values for the
fit procedure.

The lateral extension for the Gaussian fit is chosen to be
±1.5 times the diameter of the colloidal gold particle. The
interval depends only on the size of the colloidal gold and is

Table 1. All conditions that the one-dimensional Gaussian fits and the resulting two-dimensional Gaussian shape have to fulfil are listed. The absolute
values of the parameters have been evaluated by manual inspection of the result of the image analysis for images with both 80- and 50-nm colloidal gold
particles and different background structure. xmax, ymax: coordinates of maximum value; d: particle diameter in pixel; AcollAu: average absorption of the
gold particles, calculated with the contrast as shown in Fig. 1 and #pixel: number of pixels in the 1D or 2D absorption profile.

Fit parameter Condition to be fulfilled

Peak coordinates x0, y0 xmax - 1.5 d < x0 < xmax + 1.5 d
ymax - 1.5 d < y0 < ymax + 1.5 d

Peak value Am,x, Am,y 0.6 AcollAu < Am,x, Am,y < 1.2 AcollAu

1/e-radius wx, wy 0.4 d < wx, wy < 0.95 d
Residual error

(1D and 2D)
Err1D = ∑ |profile1D−Gaussian1D|
Err2D = ∑

x

∑
y

|profile2D−Gaussian2D| Err1D, Err2D < 0.14 × #pixel

Maximum deviation value of the 1D residual δ1D = max (|profile1D –Gaussian1D|) δ1D < 0.8 AcollAu

Maximum deviation value of the 2D residual δ2D = max (|profile2D – Gaussian2D|) δ2D < 0.9 AcollAu

2D integrated absorption Atot,2D = ∑
x

∑
y

profile2D Atot, 2D < 0.36 AcollAu × #pixel

kept constant throughout the procedure. This optimal interval
was determined from a comparison of the number of rightly
and falsely identified particles. A larger interval proves difficult
for particles embedded in a fine structure; a smaller interval
gives too many false fits. The resolution of the algorithm to
find colloidal gold particles close to each other depends on the
interval size.

The conditions used in the shape-discrimination step of
the algorithm are summarized in Table 1. To exclude false
identifications due to noise or structure, the conditions of
Table 1 for the centre coordinates (x0, y0), the 1/e-radius (w)
and the maximum value (Am) of the Gaussian shapes have to be
fulfilled. To further increase the efficiency of the algorithm and
decrease the number of falsely identified particles, the following
additional conditions are employed:
1 The absolute residual errors (Err1D, Err2D) between the

1D absorption profiles (profile1D) and the 1D Gaussian
shapes, as well as between the original 2D absorption profile
(profile2D) and the elliptical Gaussian shape,

A = Am,x + Am,y

2
exp

(
(x − x0)2

w2
x

+ (y − y0)2

w2
y

)
, (5)

are restricted (for exact values see Table 1). All parameters
in Eq. (5) are determined by the 1D Gaussian fits in x- and
y-direction, respectively.

2 The ratio between the absolute maximum value of the
residual (δ1D, δ2D) and the average absorption value of
colloidal gold according to the contrast curve (Fig. 1)
(AcollAu) is limited (see Table 1).

3 The ratio of the integrated absorption (Atot,2D) and the
average absorption value (AcollAu) is restricted (see Table 1).

The output of the algorithm is a list with the centre
coordinates of all regions identified as colloidal gold
particles.
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Fig. 4. The steps of the image-analysis algorithm.
On the left, a part of an image with an elongate
diatom and 50-nm and 80-nm gold particles is shown.
On the right a profile through one of the 50-nm
gold particles is depicted. The upper left image is
the flat-field corrected image. In the next step the
transmission image is calculated (middle left). Every
pixel gets a relative transmission value with respect
to its surrounding. Thereafter the absorption image
(lower left) is calculated according to Eq. (3). In the
last step a one-dimensional Gaussian shape is fitted to
the profile (lower right, dotted line).

The steps of the algorithm are shown in Fig. 4. Here the
algorithm is applied to one 50-nm gold particle in an image
containing 50- and 80-nm gold particles and an elongate
diatom as background structure.

Discussion and conclusions

The goal of the algorithm is to size-selectively identify single
colloidal gold particles inside and outside cell-like structures.
Images with smaller (diameter = 50 nm, corresponding to
5 pixels) and larger (diameter = 80 nm, corresponding to
8 pixels) colloidal gold particles and different background
structure (round and elongate diatoms) were used to optimize
the algorithm.

Diatoms were chosen since they resemble cells and provide
a reproducible means to develop and evaluate the algorithm.
Diatoms are eukaryotic algae with cell walls made of silicate,
which show structures sized from several micrometers down
to a few nanometers. The integrated absorption in the diatoms
is similar to or higher than the integrated absorption of typical
cells. Furthermore, the absorption of diatoms is higher than
the absorption of a typical layer of water or vitreous ice.
Diatoms are, therefore, used as a model for cells in this project.
In addition, diatoms may show regular pores equivalent in
size to that of the colloidal gold particles, which makes the
identification of the gold particles more demanding.

The performance of the algorithm depends on both the
absorption and the size of the colloidal gold particles. In case
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Table 2. The algorithm was evaluated on a several BESSY II TXM images with different diameters of the colloidal gold particles, different background
structure and different noise levels. The columns include (left to right): The nominal diameter of the particle and the corresponding diameter in pixels;
the background structure; the signal-to-noise ratio of colloidal gold particles in the absorption image; the number of images used for the analysis (‘#
images’); the total number of gold particles in these images as determined by manual counting (‘# gold particles’); the total number of gold particles found
by thresholding (‘# found by thresholding’) out of which a number (‘correct’, in parenthesis) were correctly identified; the number of correctly found
particles after the fitting procedure (‘# found by fit procedure’) and finally the number of erroneously identified particles (‘# false identifications’).

Particle

diameter
Background Signal-to-noise # gold # found by # found by # false

(nm) (pixel) structure ratio # images particles thresholding: total (correct) fit procedure identifications

40 4 Round diatom 7. . .8 3 35 1230 (31) 12 43

Elongate diatom 7. . .8 2 29 771 (23) 10 21
50 5 Round diatom 5. . .8 3 58 1346 (54) 31 15

Elongate diatom 6. . .9 4 71 1010 (64) 45 15

8. . .9∗ 2 28 326 (23) 21 4
80 8 Round diatom 10. . .20 5 72 115 (68) 60 0

Elongate diatom 12. . .20 4 24 188 (24) 23 0
100 10 Round diatom 11. . .25 9 137 599 (125) 98 0

Elongate diatom 23 1 9 49 (9) 8 0

∗Subset of data.

of low contrast, i.e. the absorption of the particles is close
to the absorption of the surrounding structure, a minimum
diameter of 5 pixels is needed to perform a well-adapted fit of
a Gaussian shape to identify the gold particles correctly. For
the magnification used in this study the algorithm, therefore,
does not work sufficiently well for particles with a diameter
of 40 nm (corresponding to 4 pixels). Too many structural
details are then falsely identified as colloidal gold particles
due to the low contrast of these small gold particles. For
a diameter of 50 nm, where the absorption differs only
slightly from the absorption of the diatom structure, the
algorithm performs well. By improving the resolution the
performance of the algorithm will improve also for the smaller
gold particles.

In Table 2 the evaluation of the algorithm is summarized.
Obviously larger particle diameters are more easily identified
with less false identifications than smaller-diameter particles.
Clearly, the number of false identifications increases with the
level of noise and depends also on the background structure.
As already mentioned, round diatoms may show regular pores
in the same size range as the gold particles (Fig. 5). For low
absorption and corresponding low contrast, as for 50- and
40-nm colloidal gold particles, the structure in between these
pores are often identified as gold particles. For the 50-nm gold
particles the performance of the algorithm improves strongly
with increased signal-to-noise ratio as is evident by comparing
row ‘50’ in Table 2 (all signal-to-noise ratio) and a subset of
data, marked with ∗, where only images with higher signal-
to-noise ratio were taken into account. For low signal-to-noise
ratio the unambiguous identification of 50- and 40-nm gold
particles is difficult with the present experimental set-up. Many

Fig. 5. A part of a round diatom with colloidal gold particles with a
diameter of 50 nm and 80 nm. The pore structure of the diatom can clearly
be seen. Close to the edges the pores get smaller and show structures similar
to round particles.

of the falsely identified regions are due to noise and may
afterwards be disregarded manually.

The inadequacy of only applying a threshold is clearly seen
in Table 2. The number of false identifications for all sizes is
much larger than the actual number of gold particles (Table 2,
column ‘# found by thresholding’). The application of the
shape-sensitive Gaussian fit is thus crucial to correctly identify
single gold particles in X-ray microscope images.

To sum up, 100- and 80-nm particles are identified with high
accuracy. For smaller particle diameter like 50 or 40 nm, the
performance of the image-analysis algorithm depends strongly
on the signal-to-noise ratio in the image.

When applying the algorithm to images taken by the
Stockholm compact X-ray microscope (Takman et al., 2006,
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unpublished data), the image-analysis algorithm can be used
without modification. The main differences between the
compact microscope and the TXM at BESSY II are a larger
pixel size in the object plane (13 × 13 nm2) and a slightly
lower contrast for the gold particles of the former. Both 100-
and 80-nm gold particles can be identified with high accuracy.
For the 50-nm colloidal gold particles the performance again
depends strongly on the signal-to-noise ratio. The 40-nm gold
particles cannot be imaged with sufficient contrast in the
present compact microscope arrangement.

The size selectivity of the algorithm provides the possibility
to perform double-labelling studies with differently sized
particles, aiming at simultaneous localization of different
proteins. With the conditions in Table 1 the algorithm is
robustly size selective. This was tested by searching for 50-
and 80-nm particles in samples containing particles of both
sizes. In no case a particle of one size was identified as one
of the other, even if the absorption value happened to be in
the interval of the other size. The Gaussian-fit procedure thus
provides strong size discrimination.

In immunolabelling experiments the colloidal gold should
preferably be less than 10 nm in diameter to be incubated
easily. Incubation with small gold particles and a subsequent
silver size enhancement is a common technique (Holgate et al.,
1983; Burry et al., 1992). In X-ray microscopy silver-enhanced
particles of comparable size as the gold particles in the present
study, have been used (Meyer-Ilse et al., 2001). The attenuation
lengths for gold and silver are similar within the water-window
wavelength region above a photon energy of about 450 eV
(λ<2.76 nm). Thus, for these wavelengths, the image-analysis
algorithms is expected to work equally well on silver-enhanced
colloidal gold as in the model experiments of this paper. For
longer wavelengths the absorption of silver is smaller than
that of gold, resulting in lower contrast and inferior algorithm
performance.

Another field for application for the image-analysis
algorithm may be X-ray tomography. Experiments on
biological specimens have been performed in this field (Lehr,
1997; Weiß et al., 2000), also in combination with colloidal-
gold immunolabelling experiments (Schneider et al., 2002;
Larabell & Le Gros, 2004). Here the main purpose of the
immunolabelling was the overview visualization of proteins,
mainly by comparison to confocal laser scan micrograph
images. Larger gold particles (100 nm) were used separately
as fiducial markers for the tomography algorithm. With the
image-analysis algorithm of the present paper one may use the
same gold particles both for immunolabelling and as fiducial
markers due to the accurately determined position of the single
gold beads.

In summary, the image-analysis algorithm based on
thresholding and shape discrimination has the potential
to identify the precise localization of single colloidal-gold
immunolabelled proteins in X-ray microscopy. The major

advantage compared to the threshold methods presently used
is the accurate localization of single colloidal gold particles
and the decreased number of falsely identified regions with a
comparable absorption value. The strong size selectivity of the
algorithm makes double-labelling experiments feasible.
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