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Contrast agents for confocal microscopy: how simple
chemicals affect confocal images of normal and
cancer cells in suspension
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Abstract. Normal and malignant human cervical cancer cells were
imaged in vivo with confocal, phase contrast, and brightfield mi-
croscopies. Results were compared between cells in growth medium
before and after addition of acetic acid, hypertonic saline solution,
toluidine blue, and Lugol’s iodine. The exogenous agents changed the
backscattering characteristics of the cells when measured with confo-
cal microscopy at 808 nm. A tendency toward higher scattering was
observed in treated cells. Acetic acid and toluidine blue increased the
brightness of the nucleus with respect to the cytoplasm in normal and
cancer cells. Hypertonic saline solution made the cytoplasm brighter
than the nucleus in both types of cells. The results indicate that simple
chemicals can be used to enhance confocal microscopy’s ability to
differentiate intracellular components, such as nuclear size and shape.
This can further confocal microscopy’s ability to assess disease in cells
and tissues. © 2002 Society of Photo-Optical Instrumentation Engineers.
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fects in the clinical appearance of normal and abnormal cervix
as well as other organ sité%.23Dyes used for photodynamic
therapy have also recently been explored as contrast agents

1 Introduction

Optical imaging techniques such as optical coherence tomog-
raphy (OCT) and confocal microscopy are increasingly being ) X s
applied to the real-time assessment of disease in tissgie. O Use in detecting neoplasté:

These techniques detect light that has been backscattered from Here we present a study _Of the effects of the_se agents on
tissue. While the source of backscattering from tissue is not conf_ocal images of suspensions of normal cervical cells and
fully understood, evidence suggests that differences in the in- cgrwcal cancer cells. We f'nd. that these.agents can enhance
dex of refraction of intracellular components are a primary differences in the backscattering of nuclei of normal and can-
source of signal®'® However these differences are cer cells; thus they have the potential to improve image con-

small}®~*8and allow only poor intracellular contrast. Agents trast and the ability to identify neoplasia vivo.
that produced increased backscattering or improved image
contrast could enhance the clinical utility of vivo imaging
techniques such as reflectance spectroscopy, OCT, and confo- .
cal microscopy_ 2 Materlals and MethOdS

Optical contrast agents are commonly used in clinical pro- Two types of human cervical cells were used in this study:
cedures. One example is colposcopy, where a physician ex-normal cells from primary culture and an immortalized cancer
amines the appearance of the cervix through a low power cell line (SiHa line. The cells were imaged with confocal
microscope. Exogenous chemicals are used to enhance thenicroscopy in growth medium and after the addition of four
colposcopic visibility of precancerous and cancerous tissue. contrast agents: acetic acid, hypertonic saline, toluidine blue,
Acetic acid, hypertonic saline solution, toluidine blue, and and Lugol’s iodine. Table 1 details the preparation of the con-
iodine solutions have been shown to produce differential ef- trast agents used. The cells were also imaged using phase
contrast and transmitted light microscopy. Phase contrast mi-
croscopy was used to image cells before and after addition of
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Table 1 Contrast agents and their preparations. Phase contrast image Confocal image

Contrast agent Preparation 2

Q

o

Acetic acid 6% (volume) glacial acetic acid in é

de-ionized water 2

Toluidine blue 1% (weight) toluidine blue O dye in

de-ionized water

w0

Hypertonic saline 840 mM phosphate buffered saline (6 g

physiologic concentration) 8

8

Lugol’s iodine 5% iodine and 10% potassium iodine in o
de-ionized water

— 25 M

_ ) _ ) ) ) Fig. 1 Phase contrast and confocal images of normal and cancer cells
acetic acid and hypertonic saline solution. Cells were imaged in culture medium. The (common) scale bar in the bottom row is 25

under transmitted light before and after the addition of tolui- w«m wide.
dine blue and Lugol’s iodine solution.
Normal and malignant human cervical epithelial cells were
obtained from the lab of Dr. Reuben Lotan at the University bit grayscale values. Value (lack corresponds to lowest
of Texas M.D. Anderson Cancer Center in Houston. The cer- reflectance and value 25%hite) corresponds to highest re-
vical carcinoma cells(SiHa line were obtained from the flectance.
American Type Culture Collectio(Rockville, MD). This cell An estimate of the grayscale offset of the images was ob-
line is HPV-16 (Human Papillomavirus-16positive. SiHa tained after visual examination of all image histograms. His-
cells were cultured in D-MEM0Dulbecco’s modified eagle  togram stretching was used to enhance image contrast. For the
media growth medium and Ham's F1&IBCO, Grand Is- images of normal cells, grayscale value 60 was reassigned to
land, NY) with supplements of 5%vol/vol) fetal bovine se- zero and grayscale values higher than 60 were evenly distrib-
rum (GIBCO) and antibiotics(100 units/mL penicillin and uted along the entire 8 bit range—259. The images of the
100 mg/mL streptomycin The normal cells were purchased cancer cell line were similarly processed by shifting the value
from Clonetics(Walkersville, MD) and cultured through one 30 to zero and evenly distributing the higher values along the
passage in keratinocyte growth mediun{@onetics. Rou- 8-bit range. These differences in the zero level of the confocal
tine checks for mycoplasma ensured that the cell culturesimages were attributed to normal drift in instrument perfor-
were free of contamination. After a brief incubation with 2 mance. All subsequent analysis was done on the adjusted con-
mM ethylenediamine-tetraacetic acid and 0.25% trypsin, the focal images.
cultures were dispersed by repeated pipeting. The cells were also imaged using bright-field and phase
Four different samples of SiHa cells were obtained and contrast microscopy to establish correlations between features
imaged on four different days. A single sample of normal cells of the confocal images and cell morphology. Images were
from one culture was obtained and imaged on a fifth day. digitized in color using a charge coupled device camera at-
Each day, images of available cells were obtained before andtached to the trinocular port of the microscope. The 24 bit,
after the addition of each contrast agent. For confocal mea- color images were converted to 8 bit grayscale images and
surements, cell suspensions in growth medium were obtainedwere inverted before display. Thus, in the bright-field images,
in concentrations oflC® cells per milliliter. 20 ul aliquots white corresponds to highest absorptitmwest transmission
were placed atop a layer of gelatin prepared in a Petri dish andand black to lowest absorptighighest transmissionAll im-
imaged under a confocal microscope. The gelatin layer was ages were then appropriately adjusted to a common spatial
necessary to reduce the specular reflectance from the bottorrscale.
of the Petri dish, which would otherwise overwhelm the sig-
nal from the cells. The cells were then exposed to the sames  pesults
volume (20 ul) of one of the contrast agents chosen; the pro- . .
cess was repeated starting with a fresh aliquot of cells for 3-1 Cells in Growth Medium
each of the agents. Identical methodology was followed for Figure 1 shows confocal images of normal and cancer cells in
brightfield and phase contrast imaging of the cells, with the growth medium. For comparison, the confocal images are
exception that the cell and contrast agent aliquots were placedshown alongside phase contrast images of the same cell
on glass microscope slides. sample. A scale bar 2bm wide, common to all the images is
Confocal images were obtained using a laser scanning con-shown at the bottom. The phase contrast images show the
focal microscope at a wavelength of 808 nm. This instrument general morphology of the cells. The normal cell is round
has been described in detail previou¥lyThe field of view with an observed diameter of about 2@n. The nucleus, the
can be varied betweesdx 54 um and330x 330 um with a largest structure inside the cell, is seen as a dark structure
maximum lateral resolution of 0.8m. The depth resolution  about half the diameter of the cell, at the 10 o’clock position.
of the system was 2m .2 Images were obtained at 15 frames Organelles are faintly observed in the cytoplasm. The cancer
per second. After acquisition, the images were converted to 8 cells have a round shape, about 2B in diameter in this
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Fig. 2 Phase contrast and confocal images of normal and cancer cells Fig. 3 Phase contrast and confocal images of normal and cancer cells
after the addition of 6% acetic acid. Note the increased scattering and after the addition of hypertonic saline solution. Note the enhanced
enhanced differentiation of the nucleus. The (common) scale bar in scattering from the cytoplasmic region resulting in negative nuclear
the bottom row is 25 um wide. contrast. The (common) scale bar in the bottom row is 25 um wide.

image. Inside the cell membrane, a large number of organelles  The confocal images after addition of acetic acid show a
are observed as dark spots of varied diameters, distributeddramatic increase in the overall reflectance from the cells. The
throughout the cytoplasm. The largest structure inside the cell confocal image of the normal cell shows a cell about.26
is the nucleus. in diameter with a much more apparent, brighter nuclear
The confocal image of the normal cell shows a single structure in the center 6 o'clock position of the cell. The
round cell about 20um in diameter. The nucleus is very nucleus appears to have a diameter two-thirds that of the cell,
faintly visible as a brighter region at the 2 o’clock position. in good agreement with the corresponding phase contrast im-
The image of the cancer cells shows five full and at least four age. Like the normal cells, the cancer cells show greater over-
partial cells. The cells are round in shape and have diametersall scattering and nuclear differentiation in the confocal im-
around 20um. The nucleus is most apparent in the largest age. Almost four full cancer cells, all with similar
fully imaged cell (lower right at the 1-2 o’clock position.  characteristics, are seen in the image. The average grayscale
Noticeable background noise is observed as a series of thinvalues of five normal cells are: 64(6) and 186.8N), with a
vertical lines. The confocal images show very dim cells, with background of 18.6. The values for ten cancer cells are 52.9
poorly defined outlines and very low nuclear-to-cytoplasmic (C), 175.2(N), and 5.1(B).
contrast. To quantify these differences, average grayscale val-
ues were determined for representative nuclear, cytoplasmic,3-3 Hypertonic Saline
and background areas of images. Seven and ten cell imageshase contrast and confocal images of cells exposed to hyper-
were sampled for the normal and cancer cell lines, respec-tonic saline solution are shown in Figure 3. The phase contrast
tively. For the confocal image of the normal cells the average images here show an interesting change in the distribution of
values for cytoplasmic and nuclear images are 44.7 and 67.4,organelles inside the cell. The phase contrast image of the

over a background level of 18.2. For the cant®iHa ling normal cell shows that organelles have migrated to the edge
cells, the corresponding values are 24.0 for the cytopl@®m  of the cell, leaving a lighter, more uniform void in the center
28.0 for the nucleugN), and 5.1 for the backgroun@). probably containing the nucleus. In the phase contrast image
of the cancer cells, almost all of the small organelles have
3.2 Acetic Acid moved toward the cell membrane. No other changes are ob-

Phase contrast and confocal images of cells exposed to G(yoserved in the nuclei or overall cell structure. The Shapes and
acetic acid are shown in Figure 2. The first row of images sizes of the cells and their nuclei are similar to those observed
shows images of normal cells, and the second row showsin the cells in growth medium alone.

images of cancer cells. The scale bar at the bottom, common  The confocal images of the cells exposed to hypertonic
to all images, is 25:m wide. The phase contrast image of the saline solution show increased overall scattering and outline
normal cell exposed to acetic acid shows a round cell about differentiation. They show higher nuclear-to-cytoplasmic con-
25 um in diameter. The cell nucleus is seen as the single large trast, but in these images nuclei appear darker than the sur-
structure inside the cell. The most interesting distinguishing rounding cytoplasm. The average grayscale values for these
feature of this image, with respect to the phase contrast imageimages are: 84.7€C), 50.45(N), and 8.88B) for five normal

of the cells in growth medium, is the relative texture of the Cells; and 90.05C), 46.14(N), and 4.82(B) for ten cancer
visible cell components, especially the nucleus. After the ad- cells.

dition of acetic acid the components appear to have a rougher .

look. The phase contrast images of cancer cells show similar3-4 Toluidine Blue

effects, especially in the nucleus. No change in the distribu- Figure 4 shows bright-field and confocal images of the normal
tion of organelles in the cytoplasm is apparent. and cancer cells after the addition of 1% toluidine blue solu-
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Fig. 4 Bright-field and confocal images of normal and cancer cells Fig. 5 Bright-field and confocal images of normal and cancer cells
after the addition of 1% toluidine blue solution. The (common) scale after the addition of Lugol’s iodine solution. Note the overall increase
bar in the bottom row is 25 um wide. in scattering from the cell. The (common) scale bar in the bottom row
is 25 um wide.

tion. The inverted bright-field images show that the solution

permeates the whole cell, although it concentrates in the crease in the differentiation of intracellular structures. Both
nucleus. This is shown by the brighter regions of the image, the normal and cancer cells appear of fairly uniform bright-
which correspond to higher absorption. The cytoplasmic re- Ness. A structure, probably nuclear, is represented by slightly
gion of the normal cell shows relative uniformity in the mea- increased backscatter in the confocal image of the normal cell
sured absorption. The uptake of solution in the nucleus ap-at the 7 o'clock position. The average intensity values for
pears more uneven, with appreciable hot spots. Toluidine bluethese images are: 80.2€), 144.67(N), and 17.53(B) for
uptake in the cytoplasm of the cancer cell is not as uniform five confocal images of normal cells; and 50.4®), 95.33
and appears to be slightly higher in the cell membrane and (N), and 8.98(B) for ten images of cancer cells.

several filament-like regions inside the cytoplasm. The

nucleus also exhibits bright spots. No morphologic changes 3.6 Discussion and Conclusions

were evident in any of the cells. N _ All of the contrast agents studied had an effect on the back-
The confocal images of cells after the addition of toluidine - scattering properties of cells, as viewed under reflectance con-
blue show higher overall scattering and increased nuclear-to-focal microscopy at 808 nm. In general, the addition of any of
cytoplasmic contrast. This is illustrated in the image of the ne agents resulted in increased backscattering from the cells
normal cells, although the differentiation of nucleus and cy- and, in some cases, from different intracellular components.
toplasm is not as high as in the cancer cells. In the image of The results are summarized in Figure 6. Figui@ 6hows the
the cancer cell, the nuclear region is located at the 4 o'clock ayerage grayscale values for representative regions of the con-
position, and the differentiation is most evident. This image fgocal images of normal cells before and after the application
shows average grayscale values of 25C8 93.45(N), and  of contrast agents. The error bars correspond fostandard
5.13 (B) for ten images. The corresponding values for five deviation. The normal cells in growth medium have nuclei
images of the normal cell are 57.4T), 138.27(N), and that are slightly brighter on average than the cytoplasm. Add-

21.14(B). ing acetic acid, toluidine blue, and Lugol's iodine to normal
, . cells increases the brightness of both the nucleus and cyto-
3.5 Lugol’s lodine plasm. The relative differences between nucleus and cyto-

Shown in Figure 5 are bright-field and confocal images of plasm are accentuated by acetic acid and toluidine blue. Tolui-
normal and cancer cells after the addition of Lugol’s iodine. dine blue and Lugol’s iodine also increase the variability of
The inverted, bright-field images show regions of higher so- the measurements, as evidenced by the larger standard devia-
lution uptake in lighter shades of gray. The image of a normal tions. Hypertonic saline solution makes the cytoplasm
cell shows a round cell about 20m in diameter with rela- brighter than the nucleus in normal cells. The average bright-
tively uniform uptake of Lugol’s iodine solution throughout ness is changed the least by this agent.
the cell. The nucleus is distinguishable in the center of the cell ~ Figure &b) shows the corresponding data for the cancer
and appears slightly brighter than the cytoplasm, especially cells. Cancer cells in growth medium have almost identical
around the edges. The bright-field image of the cancer cell brightness in the nucleus and cytoplasm. As with normal cells,
shows slight uptake of the solution. Absorption is uniform acetic acid, toluidine blue, and Lugol’s iodine increase the
throughout the cytoplasmic region of the cell and slightly overall scattering of the cells. At the same time, acetic acid
lower in the nuclear region. This cell is also round in shape and toluidine blue enhance the differentiation between the
and 25um in diameter. nucleus and cytoplasm within the cells by making the nucleus
The confocal images of the cells show greater scattering substantially brighter than the cytoplasm. An increase in the
than those of the cells in growth medium alone, giving better variability of the measurements is observed with toluidine
outline definition. However, the treated cells show little in- blue and Lugol’s iodine. Hypertonic saline solution increases
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Fig. 6 (a) Average grayscale levels for representative segments of the confocal images of normal cells (seven images for growth medium, five images
for each contrast agent). (b) Corresponding grayscale levels for the images of the cancer cells (ten images in all cases). The error bars correspond

to * one standard deviation.

the overall brightness of cancer cell images. However, this
contrast agent causes the cytoplasm to be brighter than the )
nucleus. '

Because they increase the relative difference between the
nucleus and cytoplasm of cells, acetic acid, hypertonic saline,
and toluidine blue appear to be the most promising of the 3
studied chemicals. These contrast agents could enhance the
ability to assess nuclear size and shape usingvo confocal
microscopy. Hypertonic saline solution has a dramatic effect
on the cells in suspension. However, it is unclear whether a
similar change can be expected in tissue samples, where cells 4
are completely surrounded by other cells rather than by the
contrast agent. This very likely reduces the chance of observ- s
ing organelles migrating uniformly to the cell membrane, re-
sulting in no improvement in the ability to accurately deter-
mine nuclear size one of the main features differentiating
normal and abnormal cells.

The source of changes in the appearance of the confocal
images is likely related to changes in the refractive index 7
profile of the cell. The phase contrast images presented here
provide a qualitative assessment of refractive index changes. g
Barer suggested a quantitative technique to measure changes
in the refractive index based on index matchtAdhis ap-
proach has been successfully used to characterize epithelial
cell refractive index® In the future we will explore how con-
trast agents quantitatively change this refractive index profile.

It should be pointed out that live normal and abnormal
cells and tissues may have different uptake ratios for all of 10.
these chemicals, and this may further the ability of confocal
microscopy to assess changes in cells and tissue. Furthermore,
custom-made molecular agents, such as photodynamicii.
therapy drugs, which are preferentially taken up and retained
by cancer cells may also be useful in enhancing the diagnostic
ability of in vivo confocal microscopy.
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