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ABSTRACT

Multi-color fluorescence microscopy has become a popular way to discriminate between multiple

proteins, organelles or functions in a single cell or animal and can be used to approximate the physical

relationships between individual proteins within the cell, for instance, by using Fluorescence Resonance

Energy Transfer (FRET).  However, as researchers attempt to gain more information from single samples

by using multiple dyes or fluorescent proteins (FPs), spectral overlap between emission signals can obscure

the data.  Signal separation using glass filters is often impractical for many dye combinations.  In cases

where there is extensive overlap between fluorochromes, separation is often physically impossible or can

only be achieved by sacrificing signal intensity.  Here we test the performance of a new, integrated laser

scanning system for multispectral imaging, the Zeiss LSM 510 META.  This system consists of a sensitive

multispectral imager and online linear unmixing functions integrated into the system software.  Below we

describe the design of the META device and show results from tests of the linear unmixing experiments

using fluorochromes with overlapping emission spectra.  These studies show that it is possible to expand

the number of dyes used in multicolor applications.

Keywords:  Confocal Microscopy, Multiphoton microscopy, GFP, fluorescence, multicolor

imaging, emission spectra, cross-talk elimination, life science imaging

1.  INTRODUCTION

Multi-color fluorescence microscopy has become a popular way to discriminate between multiple

proteins, organelles or functions in a single cell or animal and can be used to approximate the physical

relationships between individual proteins within the cell, for instance, by using Fluorescence Resonance

Energy Transfer (FRET).  However, as researchers attempt to gain more information from single samples

by using multiple dyes or fluorescent proteins (FPs), spectral overlap between emission signals can obscure

the data.  Even when just two or three fluorochromes are used, spectral overlap or cross-talk can be difficult

Multiphoton Microscopy in the Biomedical Sciences II, Ammasi Periasamy, Peter T. C. So,
Editors, Proceedings of SPIE Vol. 4620 (2002) © 2002 SPIE · 1605-7422/02/$15.00 123

Invited Paper

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/24/2013 Terms of Use: http://spiedl.org/terms



to eliminate, limiting the ability to distinguish one signal from another with any confidence.  This is

particularly the case with fluorescent protein variants.  In fact, the three most popular variants, Cyan FP

(CFP), Green FP (GFP) and Yellow FP (YFP), have significantly overlapping emission spectra and cannot

be separated easily via conventional means, such as optical band pass filters.  Optical band pass filters

allow transmission of non-overlapping emission wavelengths, while simultaneously blocking wavelengths

used for excitation.  In cases where multiple dyes are used, this strategy can be successful if the

fluorochromes chosen have non-overlapping excitation and emission spectra.  However, complete

separation of multiple dyes can be difficult to achieve, as even distinct dyes can have significant regions of

overlap.  In some cases, narrow bandpass filters can be used to eliminate overlap, although at the expense

of signal transmission.  Thus, only a small number of fluorochrome choices are available that can be

separated efficiently with bandpass filters, and, of course, each new combination of dyes requires

completely a distinct set of filters.

Laser scanning microscopy has made some multicolor applications simpler to accomplish.

Confocal laser scanning microscopy, for instance, utilizes monochromatic laser excitation under electronic

control.  This permits more efficient filtering of excitation light and allows multi-tracking, in which laser

lines can be electronically switched on and off for alternate scans of different probes to help eliminate

spectral cross-talk.  Multiphoton laser scanning microscopy makes the separation of excitation and

emission even simpler since a near infra-red (NIR) excitation source, such as a mode-locked ultrafast laser,

is used to excite dyes that are fluorescent in the visible range. However, limitations in the adjustment and

expense of ultrafast lasers make it difficult to use more than a single NIR wavelength in a multicolor image.

This limits the dyes that can be imaged simultaneously because the fluorochromes used must be excited at a

single wavelength and many of the best choices for multi-labeling experiments are likely to have

overlapping emission spectra.  Thus, better techniques are needed for emission signal separation.

Multispectral techniques developed by the remote sensing community for satellite imagery offer a

powerful solution to the problem of spectral overlap in biological imaging.  Through a process called linear

unmixing, linear algebra is used to parse the relative contribution of individual overlapping spectral

emission signals contributing to the signal in each pixel.  An imaging spectrometer is used to capture the

spectrum at each pixel in the x-y plane, creating a spectral cube or lambda stack in which the third

dimension of the image stack is the signal intensity at a number of wavelength intervals.  A set of reference

spectra for each of the multiple labels, permit straightforward linear unmixing of the relative contributions

using algorithms such as the singular value decomposition method.  Lansford et al.
1
 have recently utilized a

liquid crystal tunable filter (LCTF) placed in front of the photomultiplier tube (PMT) of a confocal or

multiphoton laser scanning microscope to collect the spectral cube band-sequentially, as a series of x-y

scans with an 8nm bandwidth incremented 5nm between scans.  The spectral cube collected with this

prototype system provided a successful means to separate the overlapping emission signals of CFP, GFP

and YFP using two-photon excitation.  It was even possible to produce cross-talk free images of two

fluorochromes with only 7 nm of separation between emission curves (GFP and Fluorescein).  Although,
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these studies provided a successful proof-of-concept, the transmission efficiency of LCTFs and the time

required to collect sequential bands makes it an impractical choice for most biological imaging

applications.

Here we test the performance of a new, integrated laser scanning system for multispectral imaging,

the Zeiss LSM 510 META.  The LSM 510 META offers complete system for multispectral imaging for

confocal and multiphoton microscopy, consisting of a novel multispectral imager and online linear

unmixing functions that are integrated into the system software.  The META device offers several

improvements in speed, sensitivity, stability and ease of use over the band-sequential method using an

LCTF previously reported
1
.  Below we describe the design of the META device and show results from tests

of the linear unmixing capabilities using fluorochromes with overlapping emission spectra.

2. MATERIALS AND METHODS

2.1  Zeiss LSM 510 META system

The Zeiss 510 LSM META system was obtained from Carl Zeiss, Inc. (Thornwood, NY).  The

META detector replaces the optical band pass filters and PMT that comprise channel one in the standard

LSM 510 scan module (Fig. 1).  The META detector consists of a high-quality, reflective grating and an

optimized 32-channel PMT array detector placed after the pinhole.  Dispersed light from the grating is

focused on the detector so that each channel detects a 10.7 nm bandwidth.  For the experiments shown here,

the wavelengths images upon the detector ranged from 460-800nm.

2.2 Cell labeling

Tissue Culture. HeLa cells (ATCC CL-2) and QT6 (ATCC CRL-1708) were obtained from

American Type Culture Collection (Manassas, VA.). Cultures were maintained at 37 C in a water-jacketed

incubator in 5% CO2. HeLa cultures were grown in Dulbeccos Modified Eagles Media High Glucose

(Irvine Scientific #9031) supplemented with 1x Penicillin/Streptomycin, 1x l-Glutamine, and 10% heat

inactivated fetal bovine serum. QT6 cells were maintained in Ham's F10 medium, 85%; tryptose phosphate

broth, 10%; bovine calf serum, 5%.  Cells were cultured on circular cover slip glass (#1) until 70-80%

confluency.

Transfection of GFP Expressing Plasmid (gWIZ, GTS, San Diego, CA) using Lipomer transfection reagent

was performed essentially as described previously2. Incubation media was replaced with media containing

2ul/ 1 ml of transfection reagent and cells were incubated for 12 to 14 hours.

Fixed Cell Staining. Unstained or GFP transfected cells grown on cover slips were fixed in 4%

Paraformaldehyde for one hour at room temperature prior to staining or immunohistochemistry.
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QCPN immunohistochemisty. QCPN, a monoclonal antibody against quail nuclei (Developmental Studies

Hybridoma Bank, University of Iowa) was used in some cases to stain a region of a cell nucleus.  Fixed

cells were incubated with undiluted supernatant from hybridoma cells for 1 hour at room temperature.

Cells were then washed three times with PBS and a 1:500 dilution in PBS of biotinylated goat anti-mouse

IgM+IgG (Jackson Immunochemical, ) was added to the coverslips for 1 hour at room temperature.

Coverslips were washed again three times in PBS and the fluoroochrome-labeled streptavidin was used to

reveal antibody binding.  A 1:500 dilution in PBS of either Oregon Green-labeled streptavidin (Molecular

Probes, Eugene, OR) or Alexa 488-labeled streptavidin (Molecular Probes, Eugene, OR), was used.

Sytox Green Staining. Sytox Green was used to stain nuclei (S-7020 Molecular Probes, Eugene, OR) at a

concentration of 5 mM (a 1:5000 dilution from stock) for ten to thirty minutes followed by three 5

minute washes in PBS solution. Cells were post-fixed for one hour with 4% Paraformaldehyde at room

temperature followed by three washes with PBS.

Lipophilic Dye (DiO) staining.  Cells were stained with DiO (Fast DiO D-3898 Molecular Probes) at a 0.15

mM concentration for 5 minutes followed by a 3 washes with PBS.

To-Pro Nuclear Stains. Cells were stained with To-Pro 1 (T-3602 Molecular Probes) at 33 nM

concentration for 5 minutes followed by 3 washes in PBS. To-Pro 3 (T-3605 Molecular Probes) was used at

a 33 nM concentration for 5 minutes followed by a 3 washes in PBS. Samples were then post-fixed with

4% paraformaldehyde for one hour at room temperature.

Phalliodin Staining. Fluorescent phalloidins conjugated to either Fluorescein (F-432 Molecular Probes),

Oregon Green (O-7460 Molecular Probes) or Alexa 488 (A-12379 Molecular Probes) were added to fixed

cells at a concentration of 0.67 uM  (a 1:10 dilution of the stock solution in PBS) for 20 minutes. Samples

were then rinsed in PBS and post-fixed for 1 hour at room temperature before mounting.

Mounting. All samples were mounted using ProLong mounting media (P-7481 Molecular Probes, Eugene,

OR)

2.3 Image collection and analysis

All images and image stacks were collected using either the Plan-Neofluar 40x/1.3 or the Plan-Apochromat

63x/1.4 lens.  All images are 512x512 pixels in size 12-bit pixel depth. For all lambda stacks the detector

bandwidth was 10.7nm.

Proc. SPIE Vol. 4620126

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/24/2013 Terms of Use: http://spiedl.org/terms



2.4 Comparison of the META detector with standard PMTs

In order to analyze the sensitivity of the META detector compared to the standard LSM 510 PMTs, images

acquired with both detectors were compared. Because individual gain settings may not directly related

between the two detectors, both detectors were set at the maximum gain (900 for the META detector and

1250 for PMT 2 and PMT 3; amplifier offset=0.1 and amplifier gain=1 in both cases).    In order to test the

sensitivity in the green range, a doubly labeled Alexa 488/Sytox Green sample was used.  The 458nm laser

line was used at minimum power (using the 458 primary beam splitter) to excite the sample off-peak and

the pinhole was set to 86um (less than one Airy unit) in order to avoid saturation of the detector.  In order

to compare the two detectors, the META detector was configured with 5 of 32 channels active ranging

from 502-545nm and the 505-550nm band pass filter was placed in front of PMT 2.  In order to compare

sensitivities in the red, a sample stained with ToPro-3 was used.  The 543nm laser line was used for off-

peak excitation, the pinhole was set to 86um (less than one Airy unit) and the META detector was

configured to use active channels from 587-800nm, in order to compare signal with the 585nm Long Pass

(LP) filter placed in front of PMT 3.  Images were analyzed by plotting the histogram of intensities using

the area function in the histogram feature of the LSM 510 software.

2.5 Linear Unmixing

In order to perform the linear unmixing function, 8-channel lambda stacks (491-576nm) were generated

from control samples for reference spectra and doubly labeled test samples. To generate reference spectra, a

region of interest (ROI) was assigned over a region in the image of a stained cell, giving a plot of mean

intensity vs. wavelength.  For all reference spectra, care was taken to avoid pixel saturation in the reference

images.  The spectra for all dyes used were stored in the software dye database.  Spectra were also exported

into a text format compatible with Microsoft Excel in order to plot the graphs shown in Fig. 2.  All green

dyes tested were excited using the 488nm line and using the primary beam splitter designed for the 488nm

line.  Linear unmixing was performed essentially as described in Lansford et al.1 using the online software

developed specifically for and supplied with the Zeiss LSM 510 META.  For a linearly mixed pixel

containing Dye 1, Dye 2, or Dye 3, the measured spectrum, S, of any pixel is expressed as

S(λ)=A1Dye1(λ)+A2Dye2(λ)+A3Dye3(λ) (1)

or more generally as

S(λ) = SAi*Ri(λ) or (2)

S=A*R, (3)
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where R are the measured reference spectra. Linear algebra is used to solve for the weighting matrix A, and

the solution is obtained with an inverse least square procedure that minimizes the difference between the

measured and modeled spectrum.  This algorithm allows a constrained unmixing to force the weights to

sum to unity, making it easier to compare the separate images and threshold the data to classify pixels. The

result of such a Linear Unmixing is 3 separate images, each an image of the complete scene of the

weighting coefficients, Ai, for each spectral component.  To visualize the data, pseudo-colored maps in

which the pixel value of each image plane or channel, which represents how much of a probe is present, is

indicated by the color and intensity.  The different channels created by linear unmixing are similar to the

channels obtained using different bandpass filter sets; thus, the channels can be overlaid, as in conventional

multiple dye imaging, in order to determine the overlapping distribution of each probe.

3.  RESULTS AND DISCUSSION

3.1  Development of a rapid, sensitive system for imaging multiple fluorochromes

A rapid, sensitive system for imaging multiple fluorochromes is needed to meet the current

demands of confocal and multiphoton fluorescence microscopy.  The device described here was developed

with the following criteria in mind:  it must acquire data rapidly in order to combine spectral imaging with

live cell imaging; it must be stable and reproducible so that mathematical functions can be performed on

the data; it must be as flexible as possible in order to adapt to the growing number of available

fluorochromes; and it must be sensitive and photon efficient so that bleaching does not occur and emission

signal is not sacrificed.

Speed, Stability and Flexibility:  In order to satisfy the above criteria, the META detector was

designed using a stationary, temperature-stable, reflective grating to disperse emission photons into a 32-

channel PMT array.  Speed, stability and flexibility are achieved through the electronic activation of

individual channels instead of moving barrier gates or tilting the detector or the dispersive element.  In

addition, emission data from up to 8 individual channels can be gathered simultaneously and data from the

entire 32 channels of the detector range can be gathered in just 4 scans.  Using the current scan speeds of

the LSM 510 system, a 512 pixel x512 pixel x 8-channel image stack or a single image with as large as an

85nm band of data can be collected in 200msec. Faster scan speeds can be obtained by reducing the pixel

dimensions of the image, including scan speeds at video rate or faster. Thus, the META detector is rapid

enough to be used with applications already common to the LSM 510, such as dynamic imaging of living

cells.  Electronic selection is not only stable and fast, but eliminates the need to step through individual 10

nm bandwidths sequentially to obtain the spectral cube or a lambda stack, reducing the total exposure to

excitation light and the probability of photobleaching. In addition, any part of a dye s emission spectrum

can be captured by switching on or off the corresponding channels of the detector, offering maximum

flexibility.  Thus, the detector can be configured to match the dye rather than choosing the dye to match the

characteristics of the filters in front of the detector.
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Sensitivity:  In fluorescence microscopy, sensitivity is always a critical parameter.  Insensitive

detectors can require greater excitation light intensity, increasing photobleaching and reducing the quality

of the data produced.  In order to determine the relative sensitivity of the META detector and the standard

PMTs used in the LSM 510, we compared the images produced using the same field of view, the same

imaging parameters and equivalent settings for the META and the standard emission filter/PMT

combination (see Materials and Methods for specific details).  A doubly-labeled sample consisting of HeLa

cells stained with Sytox Green (nucleus) and Alexa 488-Phalloidin (actin filaments) was imaged using both

a 505-550nm band pass filter in front of PMT2 and the META detector set to capture emission from 502-

545nm.  Direct comparison of the images shows that more emission signal is recovered using the META

detector than with a standard filter/PMT combination (Fig. 2).  Histograms of the two images show that

more high intensity pixels are present and that some pixels are even saturated in the META image, whereas

fewer high intensity pixels are present in the image produced with the standard PMT and almost no

saturated pixels are present.  This can also be seen in the mean overall intensity, which is 605 (s.d. 308) for

the band pass filter/PMT image (Fig. 2A & B) and 1091 (s.d. 841) for the META image (Fig. 2C & D).

Since PMTs can often range in sensitivity in the red part of the spectrum, we also made a comparison

between the standard PMT and the META detector using a ToPro-3, a nuclear dye that has an emission

peak at approx. 650nm (Molecular Probes, Eugene, OR).  This comparison was performed using the long

pass 585 filter in front of PMT3 and the META detector set to collect emission photons between 587 and

800nm. The image collected using the META detector was 86% of that recorded by the internal PMT on

average, showing that the two detectors are of similar sensitivity (Fig. 3).  Although the META detector is

as sensitive as the conventional PMTs, slightly more noise is present in the META images (Fig. 2A & C;

Fig. 3A & C) at maximum gain.  Thus, the META detector appears to be as sensitive as the standard

emission filter/PMT combination across the visible spectrum, but images taken using the META detector

may include more noise.

3.2 Separation of overlapping dyes using linear unmixing

Previous studies have shown that linear algebra can be used to resolve overlapping spectra in laser

scanned images, in fact dyes with as little as 7nm of separation in emission profiles (Fluorescein and GFP)

could be unmixed
1
.  Preliminary results with the META system also showed that separation of these dyes

were possible using a linear unmixing algorithm
3
.  Given this result, we were interested in determining how

much separation would be needed in order to reliably separate overlapping dyes.  To answer this question,

we prepared either HeLa cells or QT6 cells that have been stained with different green dyes.  The following

dyes were used for this analysis:  Alexa 488, DiO, eGFP, Fluorescein, Oregon Green, Sytox Green and

ToPro-1 (Table 1).  In order to obtain reference spectra, lambda stacks were created using cells stained with

only single dyes.  Fig. 4 shows the spectra obtained by choosing a region of interest within the image stack

and plotting mean intensity vs. wavelength.  All of the spectra obtained using the META were in very close

agreement with known spectra for the dyes used (data not shown).  All of the dyes used have overlapping
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emission spectra (Fig. 4) and it is clear that some of these dyes have overlapping emission peaks (Table 1,

Fig.4).  Since the META detector has channels with a 10.7nm bandwidth, some of the emission peaks fall

in the middle of a channel (Alexa 488 and Fluorescein, DiO and eGFP, and ToPro-1) while others are near

the edge of a channel and appear to have an emission peak split between two adjacent channels (such as

with Sytox Green and Oregon Green).

Using these emission profiles as reference spectra, we then tested different dyes in pairwise

combinations to determine which emission signals could be separated from each other using linear

unmixing (Table 2).  Dyes with same emission peaks (within 1-2 nm), such as DiO and eGFP (Fig. 5 and

data not shown) could not be separated, while dyes that had slightly more distinct peaks, such as DiO and

ToPro-1 (Fig. 6), or GFP and Fluorescein (data not shown) could be unmixed.  Interestingly, the ability to

cleanly separate a dye pair appeared to correlate with the relative position of the spectral bands collected by

the spectral imager and the emission spectrum of the dyes.  Dyes that had peaks split into two channels

could be unmixed from dyes that have a peak centered in the adjacent channel, even though the spectra

were very closely overlapping (4-5 nm) of separation, such as with Sytox Green and Fluorescein (Fig.7), or

Sytox Green and Alexa 488 (data not shown), or Alexa 488 and Oregon Green (data not shown).  It should

be noted, however, that successful unmixing these dyes could only be performed if the intensities of the

two signals are relatively equal. These data suggest that multiple green dyes can be used simultaneously by

linear unmixing even when performed on data with spectral bandwidth broader than the difference between

emission peaks.  Thus, dyes can be distinguished from other closely overlapping dyes based on fairly subtle

differences in the emission profiles.

3.3 Conclusion

  The above results show that the META detector with integrated linear unmixing functions is a

powerful tool for multicolor imaging.  These results show that many dyes, once thought to be equivalents

of one another can be used as distinct labels, extending the number of available choices to the researcher.

Selective band-pass filters that reject the majority of the emitted light are not required to separate nearby

dyes, increasing the photon efficiency of the imaging system.  Because all seven of the green dyes tested

here can be excited with a single laser line, multicolor imaging becomes simpler and more convenient.

Moreover, as new dyes become available that possess spectra near but not identical to traditional dyes, the

multispectral imaging approach used here should permit their use in experiments without the need to install

new filters.  Overall, this approach opens new doors for further dye development and experimental

strategies that have been prohibited by physical limitations.

REFERENCES

1. Lansford, R., Bearman, G. and Fraser, S.E. 2001. Resolution of multiple green fluorescent protein color

variants and dyes using two-photon microscopy.  Journal of Biomedical Optics 6, 311—318.

Proc. SPIE Vol. 4620130

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/24/2013 Terms of Use: http://spiedl.org/terms



2. Longmuir, K.J., Haynes, S.M., Dickinson, M.E., Waring, A.J. and Murphy, J.C. (2001) Optimization of

a peptide/non-cationic lipid gene delivery system for effective microinjection into chicken embryos in vivo.

Mol. Therapy, 4:67-74.

3. Dickinson, M.E., Bearman, G., Tille, S., Lansford, R. and Fraser, S.E.
 

 (2001) Multi-spectral Imaging

and Linear Unmixing Adds a Whole New Dimension to Laser Scanning Fluorescence Microscopy.

Biotechniques, 31: 1272-1279.

Figures:

Figure 1.  Diagram of the LSM 510 META.  The META detector, including the reflective grating

and the 32-channel PMT detector, replaces PMT 1 of a standard LSM 510. The emission filters for

 channel 1 are removed and the META detector is positioned after the pinhole allowing for

confocal spectral imaging.  An NLO coupling port is provided for attachment of an ultrafast laser

for multiphoton imaging.
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Figure 2.  Comparison between PMT 2  and the META detector using cells stained with green

fluorochromes, Sytox green and Alexa 488 Phalloidin .  A, an image taken with PMT 2 using a

505-550nm bandpass filter (see materials and methods).  B, a histogram showing the distribution

of pixel intensities in image A. C, an image from the META detector configured to detect signal

from 502-545nm.  D, a histogram of pixel intensities from image C.
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Figure 3.  Comparison between PMT 3 and the META detector using cells stained with a red

fluorochrome, ToPro-3.  A, an image taken with PMT 3 using a 585nm longpass filter (see materials

and methods).  B, a histogram showing the distribution of pixel intensities in image A. C, an image

from the META detector configured to detect signal from 587-800nm.  D, a histogram of pixel

intensities from image C.
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Figure 4.  Emission curves of common green fluorochromes.

All data were acquired using the META detector and

plotted using Microsoft Excel.  Data are shown as average

intensity within a region of interest (ROI) vs. the center

wavelength of the detector channel. These data were used as

reference spectra for all of the linear unmixing experiments.

Figure 5.  Linear unmixing results from

cells stained with DiO and GFP.  Only

one cell in this image is expressing

GFP, the bright cell near the center of

the image.  Data have been separated

into two channels, a GFP channel (A)

and a DiO channel (B) based on how the

data fit the reference spectra for each

fluorochrome.  Although, the GFP

signal was assigned to the proper

channel, DiO signal could not be

separated from the GFP signal.

Figure 6.  Successful linear unmixing

of DiO and Topro-1.  Here pixels that

matched the DiO reference

spectra are shown in A, whereas

pixels containing ToPro-1signal is

shown in B.  Even though the DiO

signal is much weaker than the

ToPro-1 signal, the two signals can be

separated using the linear

unmixing algorithm.
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531nmaToPro-1a

524nmaSytox Greena

526nmaOregon Greena

519nmaFluoresceina

519nmaAlexa 488a

507nmbeGFPb

506nmaDiOa

Emission PeakFluorochrome

Table 1.  Common green fluorochromes and emission peaks.
a  Information obtained from Molecular Probes Inc.
b Information obtained from Clontech.

Figure 7.  Successful linear unmixing

of Alexa 488 Phalloidin (actin

filaments) and Sytox green (nuclei).

Here pixels that matched the Alexa

488 reference spectra are shown in

A, whereas pixels containing

Sytox green signal is shown in B.
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YESYESNot

Attempted

YESYESYESToPro1

NOYESYES*YESYES*Sytox

YESYES*Not

Attempted

YES*OregonGreen

YESNOYESGFP

Not

Attempted

NOFITC

Not

Attempted

DiO

Alexa488

ToPro1SytoxOregonGreenGFPFITCDiOAlexa488

Table 2.  Results from linear unmixing of pairwise combinations of dyes tested in this study. 
(*) indicates dye combinations that are difficult to unmix unless the staining intensity is roughly equal.
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