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Abstract

Determination of cell quantity in three-dimensional culture
systems, such as the fibroblast-populated collagen matrix,
can be difficult secondary to the abundance of extracellular
collagen. The WST-1 assay, which can quantitate cellular
processes in monolayer culture, was tested as a measure of
relative cell quantity in a three-dimensional culture system,
the fibroblast-populated collagen matrix. The assay had
acceptable accuracy and precision, and was not affected
by the extracellular matrix. It was concluded that the assay
was a reasonable alternative to other measures of cell
quantity in the fibroblast-populated collagen matrix.
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Introduction

One intention of three dimensional culture systems is to
model in vivo conditions more accurately than traditional
two-dimensional (i.e., monolayer) systems (Cukierman
et al., 2002). The fibroblast-populated collagen matrix
(or lattice) has been utilized as model of either skin or
granulation tissue, depending on culture conditions (Bell
et al., 1981; Carlson and Longaker, 2004).
Immunoblotting commonly is used in the fibroblast-
populated collagen matrix to assay specific protein levels.
As is the case in monolayer systems, the relevance of
immunoblotting depends in part on quantitative protein
loading of each lane in the electrophoretic gel. With
monolayer cells, this loading commonly is equilibrated
by the determination of protein concentration in each
cellular lysate of a given experiment. Protein assays (e.g.,
Lowry (Lowry etal., 1951) or Bradford-based (Bradford,
1976) assays) typically are not employed to determine
protein concentration in a lysate of the fibroblast-
populated collagen matrix, however, because the
overabundance of collagen in such a lysate would render
a protein assay inaccurate.

As an alternative to the protein assay, the “loading
control” (i.e., an immunoblot of an abundant cellular
protein such as such as a-tubulin or actin) often is used to
demonstrate equivalent protein loading of immunoblot
lanes. An immunoblot loading control assumes, among
other things, that the level of the control protein is not
affected by divergent experimental conditions. In the
fibroblast-populated collagen matrix, however, it is not
entirely clear whether the levels of abundant proteins
remain constant during matrix contraction; this process
involves extensive cytoskeletal remodelling (Carlson and
Longaker, 2004). So it would be somewhat useful under
these circumstances to have an alternative method that
could replace or supplement the protein assay or the
loading control for normalization of lane loading.

The WST-1 assay is a possible alternative method to
normalize cellular lysates derived from the fibroblast-
populated collagen matrix. Cleavage of the WST-1 reagent
(water-soluble tetrazolium; 4-[3-(4-iodophenyl)-2-(4-
nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) by
ubiquitous plasma membrane enzymes of live cells yields
an easily-quantified color change which is proportional
to the mass of living cells (Berridge et al., 2005; Ishiyama
et al., 1996). The WST-1 assay is well-described in
monolayer systems for assay of various metabolic
activities and cellular proliferation (Berridge et al., 2005),
but there are few publications which refer to this assay in
three-dimensional systems such as the fibroblast-
populated collagen matrix (Daniels et al., 2003) or banked
skin (Alotto et al., 2002). Specifically, the use of the WST-
1 assay for determination of relative cell quantity in the
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fibroblast-populated collagen matrix has not been
described. In the following short report we provide a
detailed analysis of the WST-1 assay performance in this
three-dimensional culture system.

Materials and Methods

Cell culture and collagen matrices

Primary human dermal fibroblasts were cultured from
explants of neonatal foreskin obtained at the time of
circumcision from our newborn nursery. The use of
discarded human tissue was approved by our Institutional
Review Board. Cells were maintained in T75 flasks with
10% FBS (Invitrogen, Carlsbad, CA, USA) in DMEM
(growth medium) as previously described (Grinnell et al.,
1999). Collagen matrices were prepared as previously
described (Grinnell et al., 1999); each matrix contained
200,000 cells (passage 9) in an initial volume of 200 pl
(208 cell/ml) with a 1.5 mg/ml of collagen (Vitrogen 100;
Cohesion Technologies; Angiotech, Vancouver, Canada),
and was cultured in growth medium supplemented with
vitamin C (50 pg/ml). Cell counts were performed in
triplicate with a haemocytometer.

Assays

The DNA assay was adopted from a standard protocol
(Sambrook and Russell, 2001). Lysates were clarified with
centrifugation (20,000g, 30 min, 4°C), and then
supernatant (10 ul) was added to 5 ng/ml bisbenzimide
(Hoechst 33258; Sigma, St. Louis, MO, USA) in PBS (final
volume 2 ml; performed in triplicate). Fluorescence was
read on a spectrophotometer (Perkin EImer L550B; Perkin
Elmer, Wellesley, MA, USA) using excitation/emission
settings of 356/458 nm; sample concentration was
determined against DNA standards of 0-1 pug/ml. The WST-
1 assay (Cell Proliferation Reagent WST-1; Roche Applied
Science, Basel, Switzerland) was performed as per the
manufacturer’s instructions. Unless otherwise specified,
20 ul of reagent was added to a 1.0 ml volume of growth
medium containing a single fibroblast-populated collagen
matrix, as described above. Absorbance (420-480 nm) of
the medium was read on a Perkin Elmer L550B
spectrophotometer. Immunoblotting was performed as
previously described (Carlson et al., 2004). The anti-
GAPDH antibody was obtained from Abcam (Cambridge,
UK) (ab9485). A Lowry-based (Lowry etal., 1951) protein
assay (DC Protein Assay; Bio-Rad, Hercules, CA; USA)
was used as per the manufacturer’s instructions. Matrix
cell counts were performed by first digesting the matrix
with a trypsin/collagenase sequence (Grinnell et al., 1999),
spinning the intact cells down, resuspending them in
DMEM, and then counting in triplicate with a
haemocytometer.

Statistics
Numerical data are reported as the mean * standard
deviation. Groups of unpaired numerical data were
compared with analysis of variance (ANOVA) with a level
of significance p < 0.05. Each experiment was performed
2-5 times.
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Results and Discussion

It was confirmed that a typical Lowry-based protein assay
was influenced by the presence of collagen at
concentrations found in lysates of the fibroblast-populated
collagen matrix (Figure 1 A). In fact, the protein assay
was about twice as sensitive to collagen as it was to the
albumin standards. So a direct colorimetric measure of
cellular protein in a collagen matrix lysate would be
meaningless, since the background collagen signal would
overwhelm signal from the cellular protein. This problem
might be circumvented by isolating the fibroblasts with
centrifugation after matrix digestion with collagenase
(MMP-1), but this is a 30-60 min process during which
intact cells are subjected to harsh conditions that could
influence immunoblot results, such as with kinase
phosphorylation. In search of a more useful assay of “cell
quantity,” absorbance spectra of media derived from
fibroblast-populated collagen matrices treated with WST-
1 (Figure 1B) were performed; an absorbance peak
between 420 and 480 nm was observed (consistent with
the manufacturer’s specifications). Matrices without cells
did not yield a peak. Dose-effect studies of both reagent
(Figure 1C) and time (Figure 1D) were ran next in order
to determine optimal assay conditions in the fibroblast-
populated collagen matrix. With a constant assay
incubation period, there was a linear relationship between
peak absorbance and added WST-1 reagent (up to 40 pl).
With a constant WST-1 aliquot, the absorbance increased
linearly with incubation time, out to 4 hr. Based on this
data, final assay conditions for a single matrix (containing
~2 x 10° fibroblasts) in 1.0 ml of medium became 20 pl
(WST-1aliquot) and 2 hr (incubation at 37°C). In addition,
media samples from Figure 1D were stored at 4°C for 24
hr, and the re-read absorbances indicated no change from
initial values. So assay media can be stored for short
periods without affecting absorbance spectra.

In order to determine how well the WST-1 assay
correlated with other measures of cell quantity in the
fibroblast-populated collagen matrix, four groups of
matrices seeded with different cell numbers were incubated
for three days and then assayed with WST-1, manual cell
counts, DNA concentration, and GAPDH immunoblot
densitometry (Figure 2). The results of each assay were
plotted against the results of each of the other three assays,
and the resultant correlation coefficient for each of these
plots (total of six pair wise combinations) were all >0.9.
This result demonstrated reasonable agreement among
these assays of cell quantity in groups of collagen matrices
with varying cell number. It appeared that the WST-1 assay
provided a fairly accurate determination of cell quantity
in this three-dimensional culture system. Another assay of
cell quantity which has been employed in the fibroblast-
populated collagen matrix is lysate LDH activity (Fringer
and Grinnell, 2003; Korzeniewski and Callewaert, 1983);
however, this assay had marginal precision in the author’s
laboratory, and thus was not used for this work.

Another performance test of the WST-1 assay in the
fibroblast-populated collagen matrix was done using
typical experimental conditions of mechanical loading and
unloading. Under conditions of mechanical loading
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Figure 2. WST-1 assay compared to cell counts, DNA
concentration and immunoblot densitometry in the
fibroblast-populated collagen matrix. Four groups of
0 20 40 60 matrices seeded with 50,000-200,000 cell/matrix were
Ul WST-1 incubated in growth medium for 72 hr, and then
processed for DNA concentration, cell counting,
4.0 GAPDH immunoblot densitometry, and the WST-1
D assay as detailed in the Methods. The data from each
assay was plotted pairwise against the data from each
of the other three assays. The correlation coefficient
(R) was determined from each paired plot. (A) DNA
concentration (in pg/ml) vs. cell counting (in cell/
. +cells matrix). (B) Immunoblot densitometry (expressed as
[Hm s mimmimme e £ relative strength with a range of 0-1) vs. cell counting.
() +cells SM 0.0 . (C) Immunoblot densitometry vs. DNA concentration.
B cellfree 0 3 5 (D) WST-1 assay (expressed as peak absorbance
o - B . . between 420-480 nm) vs. cell counting. (E)
WST-1 incubation (hr) Immunoblot densitometry vs. the WST-1 assay. (F)

WST-1 assay vs. DNA concentration.

peak abs

20+

Figure 1. Rationale for and basics of WST-1 assay. (A) Comparison of collagen and albumin in a Lowry-based
(Lowry et al., 1951) protein assay (Bio-Rad DC). OD 750 = optical density at light wavelength of 750 nm. (B)
Typical absorbance spectrum for the WST-1 assay. Fibroblast-populated collagen matrices were cultured for 72 hr
in growth medium, and then WST-1 (10 pl) was added (assay volume = 1,000 ul); media was removed for
spectrophotometry 60 min after WST-1 addition. Shaded area = wavelength range (420-480 nm) in which absorbance
peak was measured. (C) Response of WST-1 assay to substrate quantity. Attached fibroblast-populated collagen
matrices were cultured for 72 hr; WST-1 then was added as indicated, and absorbance spectra were measured 2 hr
later. Correlation coefficient of the left-most four data points is shown. (D) Response of WST-1 assay to assay
incubation time. Attached fibroblast-populated collagen matrices were cultured for 72 hr; WST-1 (20 pl) then was
added, and the absorbance spectra were measured at the indicated times post-WST-1 addition. SM = stored media
(i.e., samples of media which yielded the closed circle plot were stored at 4°C for 24 hr and then re-read in the
spectrophotometer).
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Figure 3. The WST-1 assay reflects known biology of
the fibroblast-populated collagen matrix. (A) Schematic
of the model. (a) A solution of bovine collagen and
human neonatal foreskin fibroblasts is pipeted into a
culture well and subsequently polymerizes into a gel;
growth medium then is added. (b) The matrix, which is
attached (anchored) to the tissue culture plastic, is
incubated for 72 hr; the fibroblasts within the matrix
generate mechanical tension. (c) The matrix then is
physically detached (using a spatula) from the floor of
the culture well; sudden loss of anchorage results in
cell-driven matrix contraction. (d) Appearance of matrix
24 hr after detachment (or 96 hr after set-up) with the
attendant contraction. (B) Relationship between initial
(t = 0) and final (t = 72 hr) cell counts in attached
matrices incubated in growth medium. Correlation
coefficient is shown. (C) Precision of the WST-1 assay.
Attached matrices (72 hr old) underwent the WST-1
assay as described in the Methods. Each data point
represents the mean + sd of 6 wells (i.e., one row in a
24-well plate); plot represents data of 6 rows (not
statistically different; ANOVA). (D) Effect of matrix
release on the WST-1 assay after 24 hr. Attached
matrices were incubated for 72 hr, and then half were
released; the WST-1 assay was performed 24 hr later
(ANOVA result shown). (E) Immediate effect of matrix
release on the WST-1 assay. Attached matrices (72 hr
old) were xreleased, and the WST-1 assay was
performed immediately. (F) Same as D, but cell counts
were measured.

(resulting from matrix attachment to the culture dish;
Figure 3A, panel b) and serum supplementation, fibroblasts
in the collagen matrix have a proliferative phenotype and
modulate protein synthesis and secretion (Carlson and
Longaker, 2004). This effect on proliferation was
reproduced in Figure 3B, in which initial (seeding) vs. final
matrix cell counts are plotted, demonstrating an
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approximate population doubling after 72 hr of matrix
attachment at each seeding number. If the mechanical
loading is removed (Figure 3A, c-d), the fibroblasts in the
collagen matrix become quiescent and some undergo
apoptosis (Carlson and Longaker, 2004). This effect on
fibroblast biology was reproduced in Figure 3F, in which
the cell count from detached matrices decreased slightly
while the count in the attached matrices continued to
increase. When the WST-1 assay was applied to a similar
experiment (Figure 3D), a result analogous to the cell
counts was obtained; that is, the peak absorbance continues
to increase under mechanical loading (attachment) of the
fibroblast-populated collagen matrix, while unloading
(detachment) of the mechanically loaded matrix resulted
in a leveling off of the absorbance curve. It was concluded
that the WST-1 assay accurately reflected the known
biology of the fibroblast-populated collagen matrix under
varying mechanical load.

There was a concern that acute matrix detachment by
itself would influence the WST-1 assay, perhaps by some
shearing effect on the plasma membrane (Lin et al., 1997).
In one experiment (Figure 3E) we noted an acute decrease
in the WST-1 assay immediately after matrix detachment,
which suggested that the simple act of detachment might
affect enzymatic conversion of the WST-1 reagent. This
acute effect of detachment, however, could not be
reproduced, and subsequently it was doubtful if this was a
real effect. In some experiments there was a small
(statistically insignificant) increase in WST-1 conversion
associated with acute matrix detachment (for example, see
the 72 hr time point in Figure 3D). These results then raised
a concern regarding the precision of the WST-1 assay; in
order to address this, 24-well plates of identical attached
matrices were organized by row and column and run
through the WST-1 assay (a representative experiment is
shown in Figure 3C). The results of the WST-1 assay did
not vary significantly from matrix to matrix. So in addition
to being reasonably accurate, the WST-1 assay also is
reasonably precise in the fibroblast-populated collagen
matrix.

The exclusive cell type utilized in this paper was the
human neonatal foreskin fibroblast. Since the WST-1 assay
has worked well with a variety of cell types in monolayer
culture (Berridge et al., 2005), and because the assay
worked well with fibroblasts embedded in collagen in the
present paper, it is probable that the assay would work
well with other fibroblasts, smooth muscles cells, and the
many other cell types which have been embedded in
collagen (Grinnell, 2003). The exclusive extracellular
matrix material utilized in this paper was type | bovine
collagen. It is probable that other matrix materials (such
as fibrin, fibronectin, or other collagens) would be
compatible with this assay, but his has not been
demonstrated. One potential problem when using any
three-dimensional matrix is binding/sequestration of
ligands (such as peptides, lipids, or other small molecules)
by the matrix (Allan et al., 1995). Such binding might
provide a “sink” for the ligand, thereby influencing
experimental results. There was no consistent evidence of
a ligand sequestration in the experiments of this paper.
With regard to matrix porosity, the interstices of the
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hydrated collagen matrix (as determined with electron
microscopy) are on the order of 1 um (Elsdale and Bard,
1972; Lorimier et al., 1998). It is unlikely that pores of
this size would inhibit diffusion of small molecules. Some
macromolecules (such as inulin) have variable diffusion
across experimental collagen matrices with differing
ultrastructure (Gilbert and Kim, 1990). Although a separate
determination was not performed, there was no evidence
of a reagent diffusion problem in the experiments of this
paper.

The WST-1 assay performed acceptably as a measure
of “cell quantity” in the three-dimensional fibroblast
culture system. Whether the actual entity that this assay
quantified was more a measure of cell volume vs.
membrane area vs. cell mass vs. something else is
debatable, but perhaps not as relevant. The advantages of
the WST-1 assay are that it (i) can be performed on live
cells without obvious perturbation in their biology, (ii) is
not influenced by an excess of extracellular matrix protein,
(iii) is simple to perform, and (iv) has acceptable accuracy
and precision. The main disadvantages are that it (i) is not
a hard measure like pug of protein or DNA (so the WST-1
assay only yields relative quantitation), and (ii) it requires
a 1-2 hrincubation just prior to the experimental endpoint.
For purposes such as normalization of lane loading for
immunoblots, however, the WST-1 assay is a reasonable
alternative to the determination of lysate protein
concentration, which is not practical in the fibroblast-
populated collagen matrix.
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