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Analysis of specific DNA alterations in precision medicine of tumors is crucially important for molecular targeted
treatments. Lung cancer is a prototypic example and one of the leading causes of cancer-related deaths worldwide. One
major technical problem of detecting DNA alterations in tissue samples is cellular heterogeneity, that is, mixture of tumor
and normal cells. Microdissection is an important tool to enrich tumor cells from heterogeneous tissue samples. However,
conventional laser capture microdissection has several disadvantages like user-dependent selection of regions of interest
(ROI), high costs for dissection systems and long processing times. ROI selection in expression-based microdissection
(xMD) directly relies on cancer cell-specific immunostaining. Whole-slide irradiation leads to localized energy absorption at
the sites of most intensive staining and melting of a membrane covering the slide, so that tumor cells can be isolated by
removing the complete membrane. In this study, we optimized xMD of lung cancer tissue by enhancing staining intensity
of tumor cell-specific immunostaining and processing of the stained samples. This optimized procedure did not alter DNA
quality and resulted in enrichment of mutated EGFR DNA from lung adenocarcinoma specimens after xMD. We here also
introduce a quality control protocol based on digital whole-slide scanning and image analysis before and after xMD to
quantify selectivity and efficiency of the procedure. In summary, this study provides a workflow for xMD, adapted and
tested for lung cancer tissue that can be used for lung tumor cell dissection before diagnostic or investigatory analyses.
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Low tumor cell content is a major problem in the investigation
of cancer cell-specific molecular mechanisms in patient derived
tissue samples. Undissected samples contain varying propor-
tions of non-neoplastic cells, including the tumor stroma,
inflammatory infiltrate and adjacent normal tissue. Undesired
normal DNA, RNA or proteins can dilute the tumor cell
signatures so that important molecular alterations, such as
activating mutations may fall below detection levels. One
solution is the enrichment of the desired cell population before
subsequent nucleic acid or protein extraction. Laser capture
microdissection was invented in the 1990s and since then has
evolved as a valuable tool for separating tumor cells from the
surrounding tumor stroma.1–4 However, conventional laser
capture microdissection harbors several disadvantages includ-
ing user dependent, subjective selection of cancer cells, high
costs for commercially available dissection systems and because

of the cell-by-cell selection procedure has very long
processing times.

In 2011, Hanson et al5 described a workflow of user-
independent expression-based microdissection (xMD)
adapted to commercially available laser dissection instru-
ments and also to a handheld laser device based on previous
description of xMD from 2004 by Tangrea et al.6 This
workflow provides a tool for fast microdissection of large
amounts of tumor cells for further downstream analysis. In
this workflow, tumor tissue is immunostained by antibodies
against tumor-specific antigens and sites of immunoprecipi-
tation are visualized with a dark chromogen such as
diaminobenzidine (DAB). Subsequently, the stained slices
are covered with an ethylene-vinyl-acetate (EVA) membrane.
Laser irradiation of the complete slide leads to absorption and
heating of the darkly stained tumor cells and to a localized
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melting of the EVA membrane, so that cell selection for
microdissection is based on immunohistochemistry (IHC)
rather than on user-dependent cell-by-cell collection.
Afterward, the EVA membrane with the attached tumor cells
or even subcellular compartments, for example, the isolated
nucleus can be removed so that the tumor cells are
separated from the tumor microenvironment.5–7 The success
and specificity of the microdissection can be verified
by comparing the tissue sections before and after the
procedure.

Molecular diagnostics in lung cancer, one of the leading
causes of cancer-related death worldwide,8 is particularly
challenging as most patients are diagnosed in advanced tumor
stages without the option for tumor resection. In these
patients with an urgent need for molecular-guided medical
treatments, small biopsies containing only few tumor cells
and a majority of non-neoplastic cells are the only tissue
available. Comprehensive genetic studies revealed multiple
subgroups of lung cancer9,10 and genetic alterations in genes
encoding for protein kinases such as epidermal growth factor
receptor (EGFR) or anaplastic lymphoma kinase are highly
predictive for a durable clinical response to small molecule
inhibitors,11,12 if their mutation status is determined with
high precision. Microdissection can enrich tumor cells in
small biopsies in order to increase the molecular diagnostic
sensitivity.

In this study, we demonstrate an optimized method to
enrich lung adenocarcinoma tumor cells from heterogeneous
tissue samples. First, we optimized the technique of xMD of
lung cancer tissue with a handheld laser device. For this
purpose, we optimized (1) chromogenic precipitation during
IHC, (2) the treatment of the stained slices and (3) the
handling of the laser. Second, we evaluated DNA quality
derived from EVA membrane and showed enrichment of
mutated EGFR DNA from lung cancer specimens after xMD.
Third, we investigated microdissection selectivity and effi-
ciency by pre-post whole-slide scanning and image analysis.

MATERIALS AND METHODS
Ethics Statement
Tissue samples of lung cancer patients were obtained from
surgical lung resections at the thoracic surgery department of
the University Medical Center Göttingen. All patients gave
informed consent to participate in this study. All procedures
were conducted in accordance with the Declaration of
Helsinki and institutional, state and federal guidelines. The
use of lung cancer specimens for this study was approved by
the ethics committee of the University Medical Center
Göttingen (approval #1-2-08).

Immunostainings of Lung Cancer Samples
Lung adenocarcinoma tissue samples were acquired from
patients who underwent lobectomy surgery at the Depart-
ment of Thoracic and Cardiovascular Surgery in the period
from 2012 to 2015. The samples were fixed immediately after

resection in 4% neutral-buffered formalin overnight and
embedded in paraffin. Immunohistochemical reactions were
performed on 10 μm sections. After deparaffinization and
rehydration with decreasing concentrations of ethanol,
antigen retrieval was performed by incubation in citrate
buffer (pH 6.1) at 90 °C for 40 min. Anti-CK7 primary
antibody OV-TL 12/30 (Dako, Glostrop, Denmark) was
incubated for 60 min at room temperature at a concentration
of 1:50. Thereafter, the sections were incubated for 30 min
with secondary antibodies coupled to biotin and subsequently
30 min with HRPO peroxidase coupled to streptavidin (REAL
Detection System, K5005, Dako). DAB (Dako) or Vektor
Black (Vector laboratories, Burlingame, CA, USA) was used as
chromogen either following the instructions of the supplier or
using excessive chromogen (3 × concentration). Hematoxylin
counterstaining was not performed. Slides were dehydrated
with ethanol and xylene, dried and left uncovered for
processing.

Processing Steps for xMD
Immunostained lung cancer tissue sections were placed on a
heating plate set to 78 °C and were covered by a section of
EVA membrane with 19% vinyl-acetate content and 76 μm
nominal thickness (CoTran 9715, 3M, St Paul, MN, USA). A
sealing roller was applied at the beginning and after 5 min of
heating to ensure uniform contact of the EVA membrane to
the tissue section. A handheld laser device (Type SDL-15,
Biotechnique Avance, UK) was used for the experiments and
was set to the number two position for pulse frequency and to
the number three setting for laser intensity. For laser safety
precautions, all users wore laser safety goggles, lab coats and
latex gloves. The stained tissue sample was irradiated with
~ 1500 laser pulses at an angle of 45° and a distance of ~ 1 cm.
During exposure, visual feedback for successful impregnation
of the EVA polymer was given by a wet appearance of the
polymer caused by a reduction of diffuse light scattering,
which in the first place results from a rough surface of the
raw foil.

Selection and Characterization of the Radiation Source
The handheld laser device was characterized with regard to
laser beam shape, power and pulse properties. Using a laser
beam profiler (LaserCam-HR, Coherent Inc., CA, USA), the
shape of the laser beam was recorded with a resolution of
6.7 μm and because of mechanical constraints (CMOS chip
housing hitting the laser) at a distance of 48.1 mm from the
laser outlet. In total, three images were captured along the
line-shaped laser spot and stitched together using a self-
written cross-correlation algorithm. Quantitative information
was derived by normalization of the sum of pixel counts to
the pulse energy.

The focal point was determined with help of a wedge
laminated with stained paper: although lowering the wedge
height using a micrometer screw, the paper was irradiated
with single pulses. After the procedure, the focal point could
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be reliably read out from the intensity of the burn marks on
the paper.

Power measurements were conducted using a calibrated
thermopile sensor (PM10 measurement head, Coherent Inc.)
at a distance of 35 mm from the laser outlet, enabling measu-
rement of the whole beam. Owing to the low absorption of
air, the distance does not affect the power readings unless the
laser beam is clipped by the active area of the measurement
head if the distance is too high. The value was determined
after 3 s of exposure. Time resolved measurements of the
pulses were accomplished using a combination of photo-
diode, preamplifier and transient recorder (M2i.3021, Spec-
trum GmbH, Germany). After characterization, the laser
system was ranked among the other devices regarding the
pulse fluence. For beam dimensions, the full width at half
maximum (FWHM) was used. For complex beam profiles, a
nonlinear least squares fit (using the Levenberg-Marquardt
algorithm)13 to a Gaussian distribution was conducted before
determining the FWHM.14 All computations were done using
R (www.r-project.org).

DNA Isolation from EVA Membrane and Analysis of DNA
Quality
DNA was extracted from the cells attached to the EVA
membrane, the remnant cells and an untreated control slide
using the GeneRead DNA FFPE Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol, but
with the following modification: skipping of the deparaffini-
zation step, doubling of the proteinase K enzyme solution and
extension of the digestion to 2 h. Concentration of the
extracted DNA was determined using a droplet digital PCR
Taqman assay targeting a 91-bp region on chromosome
5:13702190–13702281. The amplified copies/μl DNA solution
as obtained from digital droplet PCR were multiplied by
3.3 pg (weight of haploid human genome) and by the total
extraction volume in order to calculate the amount of
amplifiable DNA in ng/μl. Primer sequences were: FWD:
5ʹ-TGCTTCTGACTTTCTCCCTGA-3ʹ and REV: 5ʹ-ACAC
TGCTGCTGCTGATGAC-3ʹ, the internal probe was labeled
with HEX and quenched by Blackhole Quencher 1 (BHQ1).
Reactions were conducted in a total reaction volume of 20 μl
in 1 × ddPCR Super-Mix for Probes (Bio-Rad, Hercules,
USA) with 250 nM of probe and 900 nM of each primer. The
EGFR E746-A750del mutation and the corresponding
wild-type allele were detected using allele-specific primers
(EGFRdelA746-A750.FWD: 5ʹ-AATTCCCGTCGCTATCAAA
AC-3ʹ; EGFR_wildtype.FWD: 5ʹ-CCGTCGCTATCAAGGA
ATTAAG-3ʹ), a universal reverse primer (EGFR.REV: 5ʹ-CCA
CACAGCAAAGCAGAAA-3ʹ) and a universal probe (EGFR.
Probe: FAM-5ʹ-CCAACAAGGAAATCCTCGATGT-3ʹ-BHQ1).
Each template was tested in two ddPCRs (EGFRdelA746-
A750 and wild-type), which were loaded with the same
amount of template (20 ng). Reactions were conducted as
described above with primer concentrations lowered to
225 nM of each primer.

Slide Scan and Image Analysis
Whole-slide scanning was performed using a Pannoramic
P250 slide-scanner (3DHistech, Budapest, Hungary) at a
resolution of 4.5 μm/pixel. Image analysis was performed
using ImageJ version 1.48 (National Institutes of Health, USA;
http://imagej.nih.gov/ij). Pre- and post-processing images
were aligned and differences in intensity were calculated.
For visualization, the preprocessing images were merged with
pseudo-color overlays of the intensity differences that
represent the decrease in staining intensity, that is, the
transferred tissue. Scatter plots of the intensity differences
were calculated with 'R' version 3.2.2 (www.r-project.org).
Staining intensities were represented as 8 bit gray-scale values
(28= 0–255; 0≙white, 255≙black) or as relative staining
intensity (0–1).

RESULTS
Optimization of the Preprocessing of Lung Cancer Tissue
Samples for xMD
xMD relies upon effective and specific immunohistochemical
staining of the tumor cells, because absorption of the near
infrared laser energy depends largely on the staining darkness,
which results in localized heating and melting of the EVA
membrane that covers the stained tissue. In order to optimize
the staining darkness, we tested different chromogens in
combination with an anti-CK7 primary antibody on
formalin-fixed lung adenocarcinoma tissue samples and
found Vektor black (Vektor Laboratories) leading to a dark
black staining of tumor cells, especially if excess substrate
was applied by increasing the concentration threefold (Figures
1a–d).

To further optimize the localized melting of the EVA
membrane by lowering the necessary energy from the laser
source, we applied constant heating of the stained tissue slide
by a heating plate, which increases microdissection efficiency
(Figure 1e). A temperature of 78 °C was established to be
optimal for lung cancer microdissection.

Finally, we tested the effect of tissue section thickness on
the microdissection efficacy and found a section thickness of
10 μm is optimal. Thinner tissue sections (o 10 μm) showed
a reduced detachment of cells from the glass slide to the EVA
membrane. Thicker sections (4 10 μm) showed a complete
detachment during sample preparation and can lead to cell
overlay.

Analysis of Radiation Source
Besides suitable preprocessing steps, the right choice of both
radiation source and exposure parameters are crucial for
successful xMD.1,15 Four different laser sources have been
tested by Hanson et al:5 three laser capture microdissection
microscopes and a consumer class depilatory laser. The latter
(SDL-15) was chosen for our experiments as it is easily
available, as well as operator friendly and features a line-
focused beam, which is well suited for wide-area exposure.
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The SDL-15 device encompasses a gallium arsenide laser
diode with a nominal emission wavelength of 808 nm. The
diode is mounted on an aluminum block. Thermal manage-
ment is supported by a small fan attached to the back of the
aluminum block. The laser line spot is formed by a cylindrical
lens focusing the laser emission along one direction (causing
the width of the line spot) although leaving the light
propagation in the perpendicular direction unchanged
(causing the length of the line spot). The pulses are generated
by modulation of the pumping current. Two parameters are
offered by the stationary laser driver: laser power and pulse
repetition rate, each adjustable to three values. Nominally, the
repetition rates are 3, 5 and 7 pulses per second. The
measured values, on the other hand, were 7.1, 8.8 and 9.5
per second. For all three levels, the pulse duration was
33.7 ms.

The nominal optical output power (‘total laser power’) is
15W. Power measurements yielded an average power of 547
and 2459 mW for the second and third position of the
intensity knob, respectively, while using the highest repetition
rate. The resulting continuous wave powers are 1.7 and 7.7W,
respectively, which is approximately half of the nominal value
of 15W. When using the highest intensity, a power reduction

of 3% after 20 s was observed. After some usage with regular
breaks in between, a power drop of up to 10% was observed.
After a break of approximately 6 min, the original power was
restored. With the intensity at level two, the maximum power
loss was only 3%. Here, the laser fully recovered after a pause
of only 60 s.

The focal point was determined at 17.75 mm distance from
the laser outlet. The length of the line-shaped laser beam was
5.87 mm and the line width in the fast axis was about 108 μm
within this distance (Figure 2). Accordingly, this resulted in
an average per pulse fluence of 41 J/cm2 (range 24–59 J/cm2)
in the focal plane.

Hanson et al5 tested four different laser systems and
recommended sets of operation parameters for each system.
Table 1 summarizes the results and also shows derived and
measured parameters. The pulse energy was calculated under
the assumption that the continuous wave and not the average
powers of the lasers were given.

Compared with the pulse fluences of other systems, the
SDL-15 system is rather in the lower range of the values
reported as working for xMD (Table 1), especially when
attributing the low fluence of the Veritas system to the low
pulse duration, which compensates for heat dissipation.

Figure 1 Optimized IHC and xMD procedure. Tissue sections of lung adenocarcinoma samples were stained with hematoxylin and eosin (a) or
immunohistochemically stained with anti-CK7 antibodies visualized by DAB (b) or Vektor Black following the instructions of the supplier (c) or using
excessive chromogen (3 × concentration of Vektor Black) (d). A 40-fold magnification is shown (a-d). For xMD, immunostained lung cancer tissue
sections were placed on a heating plate and a handheld laser device was used for the irradiation of the slide in an angle of 45° (e).
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When considering the original recommendation of 2–3 cm
working distance and an angle of 45° (the angle causes a sin
(α) factor), the fluence of the SDL-15 lies between 9.7 and
26 J/cm2, which is very low. In order to maximize the fluence
while maintaining spot area and operability, a distance of
about 1 cm and an angle of 45° were chosen for our
experiments. In this case, the spacer bar in front of the laser
outlet can be used as support. Furthermore, a power setting of
level three and a frequency setting of level two was chosen for
our experiments. In this configuration, a per pulse fluence of
51 J/cm2 and an approximate spot area of 0.5 mm2 can be
expected. With an assumed spot area overlap of 50% as
reported in the original protocol,5 a quadratic tissue area with
an edge length of about 19.4 mm can be processed when
applying a total number of 1500 pulses (equals about
2.84 min without breaks). This calculation corresponds well
with the observations we made during xMD processing.

For thermal control, the laser was used at frequency level 2
for 60 s, alternating with 60 s of break for a maximum time of
10 min before making a 5-min break.

Enrichment of Mutated DNA from Lung Cancer Specimen
after Microdissection
Mutational analysis of lung cancer tissue can be challenging, if
only few tumor cells are surrounded by an extensive tumor
stroma, so that microdissection technologies are helpful to
enhance sensitivity. In particular, as DNA extracted from
FFPE specimen is often highly fragmented and/or chemically
modified,16 which contributes to loss in sensitivity. In order
to test if IHC or subsequent xMD alters the quality of the
DNA isolated from EVA membranes, the integrity was first
assessed by capillary electrophoresis of DNA isolated from
one EVA membrane after xMD (Figure 3a), which yielded a
median fragment length of approximately 650 bp, which is
comparable to DNA isolated from undissected FFPE tissue. In
addition, DNA was isolated from unstained and undissected
samples (control), from EVA membrane after dissection
(EVA) and also from the not-transferred remaining tissue on
the glass slide after microdissection (remnant) from four
different lung adenocarcinoma samples. The amount of DNA
that was amplifiable by a 91-bp amplicon was quantified by
droplet digital PCR (Figure 3b). 1D plots of the droplet digital
PCR of these four samples are shown in Figure 3c. Optimally,
two distinct bands of negative (black) and positive (green) are
seen. However, especially when analyzing fragmented DNA
such as FFPE DNA, droplets with lower fluorescence
amplitudes are frequently seen. Such droplets are commonly
termed as ‘rain’ and presumably contain chemically modified
and/or fragmented template molecules that negatively impact
amplification efficiency during PCR. Comparing the DNA
extracted from the control slices with the EVA membrane and
remnant DNA the degree of ‘rainfall’ was not increased,
suggesting no additional DNA damage is caused by IHC and
microdissection.

Furthermore, three additional lung adenocarcinoma tissue
samples with known EGFR mutation (E746-A750del) were
used to quantify the ratio of mutated EGFR compared with
wild-type EGFR by droplet digital PCR. When DNA isolated
from unstained and undissected samples (control), from EVA
membrane after dissection (EVA) and from the not-
transferred remaining tissue on the glass slide after micro-
dissection (remnant) was compared, an increase of the
mutated to wild-type EGFR ratio after microdissection was
demonstrated, whereas the DNA isolated from the remnant
showed a depletion of mutated EGFR (Figure 3d).

Comparative Image Analysis of Tissue Samples before
and after Microdissection
Successful melting of the EVA polymer can be directly
observed as the polymer gets a 'wet' appearance when
sufficiently heated. For verification of the xMD-transfer, the

Figure 2 Profile of the laser beam. Using a laser beam profiler, the
length and the width of the laser beam in a distance of 48.1 mm from
the laser diodes outlet was recorded with a resolution of 6.7 μm. Three
images were captured and stitched together, quantitative information are
shown by normalization the sum of pixel counts to the pulse energy.

Table 1 Nominal and measured parameters for different laser
systems

Spot
diameter
(μm)

Pulse
duration
(ms)

Laser
power
(mW)

Pulse
energy (μJ)

Pulse
fluence
(J/cm2)

ArcturusXT 50 30–50 30–75 900–3750 46–191

Veritas 50 3–10 45–75 135–750 7–38

PixCell II 8–30 15–50 30–100 450–5000 64–11 318

SDL-15 748–1173a 34 7675–7688 258 k–260 k 24–59

Spot diameters are given as FWHM.
Comparison of pulse fluences of four different laser systems suitable for
xMD. The three stationary laser systems and the handheld laser device
SDL-15 that were described by Hanson et al5 to be suitable for xMD were
ranked among each other regarding the pulse fluence. The calculations for
the stationary systems are based on data given by the original protocol,5

values for the SDL-15 are based on our measurements.
aEquivalent diameter of the line spot using beam lengths ranging from 5.5
to 6 mm and beam widths from 80 to 180 μm.
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IHC-stained, uncovered tissue sections can be checked by
light microscopy before and after the procedure.

To document and quantify the pre- and post-transfer
changes, we performed whole-slide scanning and image
analysis. Figure 4 illustrates one resection specimen, that is,
the tissue before microdissection (Figure 4a1; enlarged detail:
Figure 4b1), a visualization of decreased staining intensity
corresponding to the transferred tissue (Figures 4a2 and b2)
and the tissue after microdissection (Figure 4a3 and b3).
Histograms of the subregions show that the intensity
decreased in the transferred areas, whereas the untransferred
regions showed no change in intensity (Figure 4c). For
quantification, the intensities of each corresponding pixel
before and after xMD were plotted (Figure 4d1). The resulting
scatter plot shows that areas with high staining intensity
(4100) on the pre-treatment scan show reduced staining
intensity on the post-treatment scan (0–100). Areas with
moderate or low staining intensity show comparable values
on both scans. The effect is easier to demonstrate if the
median value is calculated for each staining intensity (0–255,
Figure 4d2). Thus, it seems that the transfer affected mostly

the dark stained tumor cells, whereas the light stained
non-neoplastic cells were preferentially omitted.

As negative control, we performed a mock treatment of two
slides by omitting the laser irradiation (Figures 5a and b,
Supplementary Figures 2A and B). As expected, comparisons
of whole-slide scans before and after mock treatment showed
no difference in staining intensity: although the scatter plot
showed some changes, the medians formed a line that was
almost in perfect agreement with the diagonal line. Thus, the
scatter plot appeared to show random noise caused by the
repeated scanning and image alignment; any direct effect
would have caused deviation of the medians from the
diagonal.

Image analysis was verified by making artificial modifica-
tions to the preprocessing images (Supplementary Figure 1):
no changes to the preprocessing image resulted in a diagonal
line for both plots (Supplementary Figure 1A), increasing the
brightness shifted the interception of the diagonal
(Supplementary Figure 1B) and increasing the contrast shifted
the slope (Supplementary Figure 1C). Adding random noise
caused the 2D plot to form a dense point cloud around the

Figure 3 DNA analysis of microdissected lung cancer tissue. Electropherogram of DNA isolated from EVA membrane after xMD showing a median
fragment length of approximately 650 bp (a). Amount of amplifiable DNA isolated from EVA membrane after xMD derived from four different lung
cancer samples tested by a 91-bp amplicon and quantified by droplet digital PCR (b). 1D plots of the droplet digital PCR of the 91-bp amplicon,
showing the green-labeled positive and the black-labeled negative band of amplified DNA (c). The ratio of mutated EGFR (E746-A750del) to wild-type
EGFR DNA isolated from unstained and undissected samples (control), from EVA membrane after dissection (EVA) and from the untransferred remaining
tissue on the glass slide after microdissection (remnant) from three different lung adenocarcinoma tissue samples with known EGFR mutation as
obtained by digital droplet PCR (d).
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original diagonal, whereas the median values showed a near-
perfect line (Supplementary Figure 1D). Thus, plotting the
medians per intensity category seems to be a suitable
visualization to exclude random effects and show true,
directed intensity changes.

Finally, reproducibility of our optimized xMD workflow
for lung cancer tissue was demonstrated by a series of nine
independently stained lung cancer sections (Figures 5c–f,
Supplementary Figures 2C–K).

DISCUSSION
Analysis of specific DNA alterations in precision oncology is
crucially important for molecular targeted treatments. Lung
cancer is a prototypic example and one of the leading causes

of cancer-related deaths worldwide. Diagnostics on FFPE
biopsies were shown to detect a specific EGFR (T790M)
mutation with a sensitivity of only 70%,17 clearly illustrating
the need for further improvement. It is likely that a
combination of both, plasma-derived and enriched FFPE
DNA mutation testing, would allow to further maximize the
number of cancer patients that can benefit from targeted
therapies. One major reason for the suboptimal sensitivity in
tissues is the fact that especially lung cancer samples are often
limited to small biopsies consisting of a heterogeneous
mixture of cancer cells, their surrounding stroma and
immune cells. Therefore, many diagnostic analyses, in
particular the detection of genetic alterations, require
tiresome microdissection techniques before DNA isolation

Figure 4 Image analysis of microdissected lung cancer tissue. One cytokeratin 7 immunostained lung cancer specimen is shown before (a1; enlarged
detail: b1) and after xMD (a3; enlarged detail: b3). Areas of decreased staining intensity corresponding to the transferred regions are visualized by
pseudo colors (a2, enlarged detail: b2). Histograms of the transferred and untransferred regions illustrate the decrease in staining intensity (c). For
quantification, the intensity before and after transfer of each corresponding pixel are plotted (d1) and the median value is calculated for each staining
intensity (d2).
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in order to increase the sensitivity and specificity of the
analysis and to ensure correct results. xMD has several
advantages in comparison with conventional laser capture
microdissection, as the sample handling time is shorter and as
selection of cells for microdissection relies on protein
expression and antibody stainings rather than ‘subjective’
user-dependent choice. However, it has been shown in several
contexts that efficiency and specificity of xMD relies strongly
on immunostaining intensity and the applied laser energy so
that both IHC and laser irradiation must be adapted for every
new tissue context.18–20 Furthermore, also downstream
analyses like DNA-based methods will potentially be influ-
enced by sample handling and should be evaluated after
microdissection in comparison with undissected tissue
samples.21

Therefore, in the first step of this study, we optimized xMD
for pulmonary adenocarcinomas. For this purpose, we
enhanced immunohistochemical chromogenic precipitation
and thus staining intensity by using an anti-cytokeratin-7
primary antibody and Vektor Black as chromogen leading to a
dark black staining that absorbs energy of the infrared laser
irradiation better than tissue slides stained with DAB. CK7
was used because it allows for an intense immunohistochem-
ical staining of lung adenocarcinoma cells. However, it is
reasonable to assume that Vektor Black will also enhance
dissection efficiency in the context of other tissue samples and

immunostainings. xMD is certainly not limited to cytoker-
atines and should work for every immunostaining that can be
stained intensively, also for example, for single immune cells,
but a thorough optimization of the staining intensity should
be performed for every new setting.

Furthermore, we found that heating of the tissue samples
covered with the EVA membrane can strongly increase
dissection efficiency. The EVA membrane used in this study
(CoTran 9715, 3 M) contains 19% of vinyl-acetate and has a
thickness of 76.2 μm. The melting point of this membrane is
approximately 80 °C and the preheating lowers the energy
that is needed from the laser device to melt the EVA
membrane. It is important to notice that the correct
adjustment of the temperature is crucial, as low temperatures
will decrease dissection efficiency and high temperatures will
lead to unspecific melting of the membrane. In our study, we
found a temperature of 78 °C to be optimal for dissection
efficiency, but the temperature can vary using different tissue
samples, different EVA membranes or different laser devices
and needs to be optimized for every new setting. However, as
in the case of Vektor Black, the preheating of a tissue sample
before laser irradiation could enhance dissection efficiency
also for various other tissue specimens.

By a technical analysis of the handheld laser device, which
is both easy to handle and inexpensive compared with
classical LCM-devises, we could develop a set of

Figure 5 Reproducibility of microdissection of lung cancer tissue. Median values of staining intensity of corresponding pixels before and after
microdissection are plotted for two mock transfers (a, b) and for four replicates of xMD lung cancer tissue samples (c-f).
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recommendations for optimized laser handling. The per pulse
fluence (energy per area per pulse) was used as an important
indicator for the analysis and comparison of different devices
used for xMD. The fluence is often used to define thresholds
of effect (eg, for ablation of material). With the pulse
durations being in the range of milliseconds, however, heat
conduction is not negligible and the pulse duration has to be
considered as well (see deviations of the Veritas LCM device).
In general, the parameters found in the literature and the ones
that were measured and tested here were consistent when
regarding the per pulse fluence. However, the required
information about laser power and spot diameter strongly
depend on definitions (eg, FWHM or 1/e2 spot boundaries,
power before or after the optics). Thus, a comprehensive
parameter study under uniform measurement conditions
aiming at the specific challenges of xMD (eg, selectivity and
efficiency) should be conducted. Although a line-shaped spot
of the SDL-15 system is a first step toward area exposure, a
homogenization of the laser beam would further improve and
simplify the exposure. Finally, parameters like laser power,
working distance or spot overlap should be invariant during
the process in order to ensure maximum repeatability.

Subsequently, we evaluated DNA quality derived from EVA
membranes in order to test, if immunostaining sample
handling or laser irradiation alters the DNA integrity. For this
purpose, we evaluated DNA-fragment length isolated from
EVA membranes after xMD and found a median fragment
length of nearly 650-bp that is comparable to DNA isolated
from FFPE tissue samples without any further dissection. The
DNA amount that could be isolated from EVA membranes
was lower than the amount derived from undissected
controls, which is reasonable as tumor stroma and immune
cells were excluded by microdissection, However, the lower
amount of isolated DNA was sufficient for amplification and
quantification of an 91-bp amplicon by droplet digital PCR.
In comparison with unstained FFPE samples to the stained
remnant that was not dissected after xMD and to DNA
isolated from EVA membrane, there were no relevant
differences in the degree of droplets with lower fluorescence
(‘rainfall phenomenon’) suggesting that DNA quality was not
affected either by immunostaining or by laser irradiation or
the EVA membrane. As shown here, the method was able to
enrich EGFR-mutated DNA from lung adenocarcinoma tissue
specimens. As activating EGFR mutations affect only one
allele of the DNA, a pure population of EGFR-mutated cells
would show a ratio (mutated/unmutated) of 1. xMD enriched
the mutation positive cells to 89% of the maximal achievable
enrichment for samples that were at approximately 30% in
the original tissue; in one samples with 70% original content
the enrichment was 93% of maximum. We therefore
conclude that DNA isolated from EVA membranes after
xMD is suitable for further diagnostic and scientific
procedures.

Finally, we used whole-slide scanning before and after xMD
and digital image analysis for a comprehensive evaluation of

microdissection selectivity and efficiency. Successful micro-
dissection can be assessed on different steps of the procedure.
Successful melting of the EVA membrane can be observed,
when a wet appearance of the polymer becomes visible.
Furthermore, assessment of slides and the EVA membrane
before and after the process can be done visually by
microscopic estimation. However, whole-slide scanning and
digital image analysis provide a complete and accurate
analysis of efficiency and specificity of xMD of lung
adenocarcinoma, as a reduction of staining intensity can be
detected quantitatively for every single pixel.

Visualization by histograms showed a cutoff in staining
intensity, which divided the low staining areas (ie, areas with
predominance of normal cells) from the high staining areas
(ie, areas enriched for tumor cells). Mainly the areas of high
staining were depleted after xMD. The reproducibility of
selective and efficient microdissection by xMD was shown on
nine separate stainings. However, in some of the samples we
also observed a low, but notable decrease of intensity in the
low intensity areas because of unspecific microdissection, and
some areas of high staining intensity without reduction of
intensity after the process. Thus, we show that xMD is a very
promising technology that enables a selective, efficient and
reproducible microdissection. In our view, the main compo-
nent that will require further improvement is the laser source.
One possibility is to use flash lamps instead of laser
devices,7,20 another one could be to test different laser
sources like stationary systems (eg, Arcturus) with higher and
more reproducible fluence. If markers other than CK7 should
be used, the immunostaining must also be carefully
optimized.

In conclusion, we here provide a rapid and reproducible
microdissection workflow that was evaluated for subsequent
DNA-based mutational analyses in lung adenocarcinomas.
We believe that this workflow can be used for many
diagnostic and scientific purposes and will serve as a basis
for further protocol development.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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