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Abstract

AIM: To investigate diffusion in mammalian cell culture
by gel entrapment within hollow fibers.

METHODS: Freshly isolated rat hepatocytes or human
oral epidermoid carcinoma (KB) cells were entrapped in
type I collagen solutions and statically cultured inside
microporous and ultrafiltration hollow fibers. During the
culture time collagen gel contraction, cell viability and
specific function were assessed. Effective diffusion
coefficients of glucose in cell-matrix gels were determined
by lag time analysis in a diffusion cell.

RESULTS: Significant gel contractions occurred in the
collagen gels by entrapment of either viable hepatocytes
or KB cells. And the gel contraction caused a significant
reduction on effective diffusion coefficient of glucose. The
cell viability assay of both hepatocytes and KB cells statically
cultured in hollow fibers by collagen entrapment further
confirmed the existence of the inhibited mass transfer by
diffusion. Urea was secreted about 50% more by
hepatocytes entrapped in hollow fibers with pore size of
0.1 pm than that in hollow fibers with MWCO of 100 ku.

CONCLUSION: Cell-matrix gel and membrane pore size
are the two factors relevant to the limited mass transfer
by diffusion in such gel entrapment of mammalian cell
culture.

© 2005 The WIG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

Entrapment of mammalian cells inside semi permeable
hollow fibers has been introduced as a commonly used
techniquel®. Based on this technique, more tissue-like culture
of cells by entrapped into gel within hollow fibers have
been explored as novel applications in tissue engineering!®”),
toxicology"” and pharmacology!!'?. Such system is comprised
of two major compartments: hollow fiber membrane and
gel-cell matrix, which is typically featured by ultrafiltration
hollow fiber membranes and collagen gels, respectively!™.
And mass transport across hollow fibers has been well
studied by taking consideration of convection together with
diffusion*'¥. When hollow fiber biotreactor is operated at
low flow rate, especially in medical-related field, the primary
mass transfer mechanism should be the diffusion™, where
the solute effective diffusion coefficient, representative of
diffusion ability, across membranes is proportional to the
transmembrane concentration gradient and decreases with
the solute to pore radius ratio””. However, even at a vety
slow flow rate, convection cannot be completely negligible.
Also, the diffusion across cell-collagen gel is rarely known
including the extent of gel contraction and its effect on the
diffusion. These were drawbacks in evaluation of mass
transfer and thus hinder its further exploration as a practical
technology, for an example, the clinical application of
bioartificial liver in the near future. Therefore, discrete
evaluation of diffusion in either membrane side or gel side
should be urgently required.

Our previous research found that the liver-specific
functions were much higher in the hollow fiber bioreactor
featured by microporous hollow fibers with membrane pore
size of 0.1 um than in that featured by ultrafiltration hollow
fibers with MWCO of 100 ku, an equivalent pore size of
0.01 umP’. In those bioartificial livers, hepatocytes were
entrapped into collagen gels in the lumen side of the hollow
fiber bioreactors with each medium circulated in either
lumen or shell side. But it is uncertain that the increase of
liver-specific functions is related to the better diffusion
caused by bigger membrane pore size in microporous
hollow fibers, because uneven distribution of fluid flow
and specific configuration of hollow fibers may cause
additional convective flows?!l. It seems difficult to uncouple
diffusion from convection in such device of hollow fiber
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bioreactor. Also we never evaluated the diffusion within
collagen gels.

In this paper, we evaluated the effect of diffusion by
static cell culture, where solute mainly transfers by diffusion
in two serial processes: membrane and cell-collagen gel. The
effective diffusivities were measured, testing the diffusion
ability across collagen gel with or without cells. And both
the viability and specific function of collagen-entrapped cells
within simple hollow fibers were examined for further
evaluation of diffusion ability.

MATERIALS AND METHODS

Cultivation of rat hepatocytes

Hepatocytes from 4-6 wk old male Sprague-Dawley rats
weighting 200-250 g were harvested by a two-step collagenase
perfusion technique modified from that of Seglen®. Post-
harvest viability was at least 85% by trypan blue exclusion.
Hepatocytes were cultured in a basal medium of Williams’
E (Gibco) complemented with 100 U/mL penicillin and
100 U/mL streptomycin, 5 g/L bovine serum albumin
(Amresco, 05305803) and 5% fetal calf serum (Hangzhou
Sijiging Biological Eng. Material Co., Ltd., China).

Freshly harvested hepatocytes were mixed with the
collagen solution, a 3:1 (v/v) mixture of type I collagen
(3 g/L, prepatred from rat tails in our own lab) and 4 fold
concentrated Williams” E medium with pH adjusted to 7.4
with 1 mol/L NaOH. The cell suspension with density of
1Xx10° cells/mI was loaded into the lumen of the long fibers
with length of 80 cm. Hollow fibers were circuitously
put into 12 cm dishes and maintained in a 50 mL/L CO,
incubator for collagen gelation. And 20 min later, hollow
fibers were cut into equal pieces of 4 cm and immersed
into 5 mL prewarmed culture medium in 60 mm culture
dishes. These dishes were put back into the incubator for
cell culture.

Samples for analysis of urea secretion were taken at
regular intervals from the medium after mild mixing. Urea
assays were performed using a Urea Nitrogen Kit purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China).

Cultivation of KB cells

KB cells, kindly obtained from biomedical engineering
institute in Zhejiang University, were cultivated in RPMI 1640
medium supplemented with 100 U/mL penicillin, 100 U/mL
streptomycin and 10% new born calf serum (Hangzhou
Sijiqing Biological Eng. Material Co., Ltd., China). KB Cells
was subcultured in T-flasks at a density of 10°cells at 37 “C
in a 50 mL/L CO, incubator with the medium changed
every two days. Later, KB cells were detached from T-
flasks by 0.5% trypin and entrapped into collagen gel within
hollow fiber at the density of 4x10° cells/mlL., following
the same procedure as hepatocyte entrapment.

Measurement of collagen gel contraction

Cylindrical collagen gels were used to examine the gel
contraction by both hepatocytes and KB cells in static culture.
At different culture time, cylindrical collagen gels were
carefully pushed out from the hollow fibers by injection

with medium and suspended in the plates containing
prewarmed medium. The gel diameter was then determined
with a vernier eyepiece equipped on an inverted microscope.

Viability determination of entrapped cells with fluorescent
microscopy

Hepatocytes cells or KB entrapped within collagen gels
were stained twice with fluorescein diacetate (FDA) and
ethidium bromide (EB)®*. Cylindtical collagen gels drawn
from hollow fibers were stained with 2 mL of a mixture of
10 g/ml FDA and 40 g/mlL EB. After 2 min incubation at
room temperature followed by three rinses with PBS, the
sample was examined with an epifluorescence inverted
microscope. The excitation wavelength was 488 nm and
the emission wavelength was 600 nm for EB and 530 nm
for FDA. Cell viability was assessed by counting the number
of FDA- and EB-stained cells.

Diffusivity measurements

A modified diffusion cell described by Hannoun and
Stephanopoulos™ was used to measute the effective diffusion
coefficient of glucose in collagen gel. A plexiglass ring, with
outer diameter of 8.05 cm and inner diameter of 4.55 cm,
was attached by a plastic mesh at bottom to hold the covered
collagen gel. Solution of 2.25 g/L collagen at pH 7, a mixtute
of 3 g/L type I rat tail collagen and 4 fold concentrated
PBS (3:1, v/v), was immediately poured on the plexiglass
ring. After 30-40 min incubation at 37 C, collagen was
gelatinized and its thickness was measured by micrometer.
Then, the plexiglass covered with collagen gel was put into
the diffusion cell where the upper chamber and the lower
chamber were respectively 286 and 227.5 mL. The well
mixing in two chambers was achieved by stirring at about
60 r/min with a magnetically driven bar in the lower cell and
a stirrer in the upper cell at room temperature (21-22 C).
By taking samples in the upper chamber, the transferred
glucose concentrations were determined by means of 3,5-
dinitrosalicylic (DNS) colotimetric determination®.

The corresponding diffusion coefficients were calculated
according to lag-time analysis™ ). Assuming that there was
no film mass transfer resistance, the solute concentration
in the lower chamber (¢) and the solute concentration in
the upper chamber (¢;) can be defined as follows:

c=¢ at x=0
c=¢ at x=1/
c=0 0<Sx<</ at £=0

Thus, the total amount Q of solute transferred through
the membrane was given by the equation below:
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0, =%

lZ
t,——
g 6D)

where / was the membrane thickness, .4 the membrane
area, D the effective diffusion coefficients and # the lag
time. Figure 1 was the experimental graph of transferred
glucose versus diffusion time for the diffusion of glucose.
The intercept of the linear part of the curve was the so-
called lag time.

To entrap hepatocytes into collagen gels, 2 mL of fresh
hepatocyte slurry at density of 3X107 cells/mL was mixed
with 10 mL solution of 2.7 g/L collagen to obtain a final
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suspension with cell density of 5X10° cells/mI. and collagen
concentration of 2.25 g/1L.. In preparation of collagen gels
entrapped with dead cells, gel-cell matrix formed above was
immediately deactivated by exposure to ultraviolet for
10 min. While in preparing collagen gel entrapped with viable
cells, the cell-collagen matrix was cultivated in a basal
medium of Williams’ E at a 50 mL/L CO, incubator for
24 h to develop gel contraction before it was deactivated by
10 min UV radiation for effective diffusion coefficient
measurement. Membranes with cell density of 0.5X10°
cells/mL were similarly prepated.
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Figure 1 Transferred glucose through the collagen gel membrane
vs time in a diffusion experiment (c; = 10 g/L, to = 122 min).

Hollow fibers

Microporous polysulfone hollow fibers with average pore
size of about 0.01 pm and ultrafiltration polysulfone hollow
fibers with MWCO of 30 and 100 ku were purchased from
Yuandong Pharmaceutical Machinery Corporation
(Shanghai, China). All these hollow fibers with the same
outer diameter of 1 mm, inner diameter of 0.7 mm and
membrane porosity of about 90% had identical diffusion
area.

RESULTS

Gel contraction measurements

Collagen contraction was frequently reported in hepatocyte
culture by collagen gel entrapment, but its contraction extent
was usually determined in disc collagen gel”. Also, the gel
contraction was rarely reported in the continuous cell culture.
Hereby, the contraction of collagen gel mediated by both
primary hepatocyte and KB cells were first determined in
this paper by measuring the diameter of cylindrical collagen
gels over the culture period of five days. The entrapped
cell density of hepatocytes was set at 1X10° cells/ml. with
the initial gel diameter of 0.68 mm. Figure 2 demonstrates
the average percentage of diameter of 3 cylindrical gels
entrapped with hepatocytes to the initial gel diameter. The
gel diameter rapidly decreased almost to 60% of the initial
diameter within three days cultivation, while the control gel
containing no cells showed no signs of contraction. At a
higher cell density of 5xX10° cells/mlL, cell-matrix gel
contracted by 60% after one day cultivation but were stable
since then (data is not shown here). This was possibly due
to cell death because the rapidly decreased cell viability was
suspected according to the prevalent morphological change

since the culture time of one day with a microscope. To
confirm that dead cells caused no gel contraction, we
repeated the gel contraction experiment with dead cells
killed by UV for 10 min. It was found that no sign of gel
contraction was observed when dead cells were entrapped
with collagen gels.

Gel contraction (%)

50 I ! ! ! ! |
0 24 48 72 9 120 144

Time (h)

Figure 2 Contraction of cylindrical collagen gels entrapped with
hepatocytes. Gel contraction was expressed as the average per-
centage of diameter of three cylindrical gels entrapped with hepa-
tocytes to the initial gel diameter vs time.

Another anchorage-dependent KB cells were also
randomly used to confirm gel contraction caused by cell
entrapment. The initial entrapped KB cell density was set
at 0.5x10° cells/mL. Compared with the initial value of
0.68 mm, the gel diameter decreased by about 14 % at 48 h
and 30% at 120 h with a high cell density of around 1x107
cells/mL due to KB cell propagation. It seems ptimary cells
are more likely to cause the gel contraction than continuous
cells.

Effective diffusivity across collagen gels

Effective diffusivities of glucose were determined in collagen
gels with or without cells. Glucose was commonly selected
as a marker for chemical substances involved in cell
metabolisms and hepatocytes were used here to represent
for mammalian cells. The glucose concentration was set at
10 g/L and the collagen concentration was fixed at 2.25 g/L.
The effects of entrapped cells on the effective diffusivities
of collagen gels were listed in Figure 3. The statistical data
were expressed as meantSD. In cell-free collagen gel, this
coefficient was determined as 1.4411+0.017x10° cm?/s,
which is much lower than the corresponding molecular
diffusivity (6.7%10° cm?/s). At a low cell density of 0.5X10°
cells/mlL,, the effective diffusion coefficient was 1.512*
0.042X%10¢ em?/s for collagen gels entrapped with dead cells,
which was an equivalent of that for cell-free collagen gel.
In contrast, this value decreased to 0.5021+0.002%10° cm?/s
in the comparatively contracted gel after 24 h interaction
of cells with collagen gels. While at a high cell density of
5.0%10° cells/mL, this coefficient was 0.7991+0.013%10°¢
cm?/s for non-contraction gel and only 0.231£0.017X10°
cm?/s for the contracted gel. It seems that collagen
contraction resulted in a significant decrease of the effective
diffusivity and should be the main reason for reduced
diffusion across gels other than the obstruction of cell masses.
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Figure 3 Effective diffusion coefficients of glucose in cell-free col-
lagen gel and gel-cell matrices. Data from two independent experi-
ments are shown.

Entrapment culture of hepatocytes and KB cells
By measuring the effective diffusivities, we know the
diffusion situation inside collagen gels with or without the
interaction of cells. And it is common knowledge that the
diffusion across membranes was mainly determined by the
transmembrane concentration gradient and the molecular
sizes of both solutes and membrane pores. Thus, the
integrated diffusion across both membrane and collagen
gel can be reflected by cell cultivation itself within such
bioreactor. Cell viability was first checked by cultivation of
cells in hollow fibers with variant membrane pore size and
difterent cell concentration. Cell function was later investigated.
To feature the cell surviving abilities in such configured
system, both rat hepatocytes and KB cells were employed
here. Hepatocyte cell culture at two different cell densities
was employed in hollow fibers with three featured pore
sizes, 0.1 pm, MWCO of 30 and 100 ku, respectively. Initial
harvest viability of hepatocyte was about 85%. At the
culture time of 78 h, the cell matrices were carefully taken
out from the hollow fibers for FDA/EB staining.
Hepatocytes at an inoculated cell density of 1X10° cells/mlL.
almost maintain the initial viability by cultivated in hollow
fibers with MWCO of 100 ku (Figure 4A) and in microporous
hollow fibers with pore size of 0.1 um (pictures are not
shown here), but all appeared dead in the hollow fibers with
MWCO of 30 ku (Figure 4B). No hepatocytes were survived
when entrapped into the hollow fibers for 78 h at a higher
cell density of 5x10° cells/ml., as expected from our eatly

observation in gel contraction at this cell density. Considering
their multiplication, KB cells was inoculated at a low cell
density of 0.4x10° cells/mL in hollow fibers with MWCO
of either 100 or 30 ku here. The viability of KB cells
was rather high in hollow fibers with MWCO of 100 ku
(Figure 4C) and it can also be noticed that KB cells propagate
well according to the more concentrated cell density than
the initial one (the similar density as that in Figure 4D). In
contrast to the primary hepatocytes, KB cells are more robust
to survive and can propagate quickly even with a basic
mammalian cell culture medium, so its viability is usually
above 98% on the condition without critical environmental
problems such as nutrition shortage and physiological chaos.
Even so, KB cells did not survive in hollow fibers with
MWCO of 30 ku (Figure 4D) and its cell density was almost
the same as the initial one. Viability measurement showed
that cells grew well in hollow fibers with MWCO of 100 ku
which provides a better diffusion property than hollow fibers
with MWCO of 30 ku.

As the hepatocyte viabilities were similar in hollow fibers
with either MWCO of 100 ku or pore size of 0.1 um at
the cell density of 1x10° cells/mL, cell functions were
examined to reflect the diffusion ability in such system.
Culture media were changed between 48 and 72 h and media
samples were taken every 12 h. The urea production was used
a marker for the liver-specific function of hepatocytes. The
accumulative urea production throughout the culture period
was calculated and shown in Figure 5. It can be seen that
hepatocytes produced more urea in the microporous hollow
fibers than in the ultrafiltration hollow fibers. By performing
linear fit on data points, average urea production were
determined and summatized in Table 1. Hepatocytes entrapped
inside the microporous hollow fibers exhibited higher urea
production (31.2 pg/cell per h) and one-third lower of urea
production inside the ultrafiltration hollow fibers.

Table 1 Average urea production of hepatocytes cultivated by gel
entrapment within either microporous or ultrafiltration hollow fi-
bers

Hollow fiber feature Microporous Ultrafiltration
hollow fiber hollow fiber
Average urea production (pg/cell per h) 31.2 20.7

Figure 4 Fluorescent microscope images of rat hepatocytes entrapped for 78 h and KB cells entrapped for 72 h stained with FDA/EB. A:
Hepatocytes entrapped in hollow fibers with MWCO of 100 ku; B: Hepatocytes entrapped in hollow fibers with MWCO of 30 ku; C: KB cells
entrapped in hollow fibers with MWCO of 100 ku; D: KB cells entrapped in hollow fibers with MWCO of 30 ku.
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Figure 5 Accumulative urea production of hepatocytes by gel en-
trapment within hollow fibers featured by microporous membrane
with pore size of 0.1 ym (triangle) and ultrafiltration membrane with
MWCO of 100 ku (diamond). Average data from triplicate samples
are shown. The error bars express standard deviation.

DISCUSSION

This paper discussed the possible diffusion batrier in the
mammalian cell culture system featured by entrapment of
cells into cell matrix in hollow fibers. We focused on two
major mass transfers by diffusion in static culture. One was
the diffusion across cell-matrix gel and the other was the
diffusion across membranes. Because diffusion across the
membranes has been well studied, the possible diffusion bartier
caused by cell mediation was of great consideration in this
papet. Also the integrated diffusion across both collagen gel
and membranes was also evaluated through cell culture.

The cell-mediated collagen gel contraction and its effect
on glucose diffusivities were first determined. Two types
of mammalian cells, primary hepatocytes and continuous
KB cells, were mixed with collagen gel and then incubated
for a couple days to detect gel contraction. It was found
that collagen contraction was caused not only by mediation
of primary cells, as previously reported, but also by
mediation of continuous cells, although the former was
more significant. Such gel contraction was caused by the
interaction between mammalian cells and cell matrix and
could also serve as a crude estimate of cell viability. The
measurement of the effective diffusion coefficients across
cell-matrix gels reflected that the solute mobility by diffusion
was inhibited more significantly by gel contraction than by
the obstruction of entrapped cell mass. This is most possibly
attributed to the densification of collagen gel. Thereby, it
can be reached that the presence of cell masses together
with cell-mediated gel contractions caused the remarkable
diffusion resistance but the gel contraction was the major
factor.

Cell viability measurement was then applied for evaluating
diffusions in static culture of primary hepatocyte and
continuous KB cells by collagen entrapment within hollow
fibers. Hepatocytes maintained almost the initial viability in
either microporous hollow fibers or ultrafiltration hollow
fibers with higher MWCO of 100 ku but were all dead in
ultrafiltration hollow fibers with lower MWCO of 30 ku.
Similarly, KB cells presented quite high cell viability and
even a well proliferation in hollow fibers with MWCO of
100 ku but did not survive in hollow fibers with MWCO
of 30 ku. Based on the well studied mass transfer across

membranes, the cell death in hollow fibers with lower
MWCO is due to the exclusion of solutes with large
molecular weight, for example, BSA with molecular weight
of 67 ku. The shortage of such nutrients most possibly
causes cell death.

Noticing that KB cells present much higher viability even
at a high cell density due to propagation while hepatocytes
cannot survive at the density of only 5X10° cells/mlL., this
could be contributed to the more roughly requirement of
KB cells than primary hepatocyte, for example, primary
cells usually need more nutrients for maintaining 7z vitro
such as proteins or hormones. As the glucose effective
diffusivity across gels decreases with cell density, it is
understandable that hepatocyte viability also decreases with
the inoculated cell density, or in another word, the limited
mass transport by diffusion is prevalent inside collagen gels
entrapped with high cell density of viable cells. Actually, in
Nyberg’s papetP”, around 50% of reduction on hepatocyte
viability within one day culture was reported without further
investigation whete hepatocytes were statically cultivated in
collagen noodles at a cell density of 4.4x10° cells/mL. This
decrease in cell viability was quite unexpected in comparison
with the high viability in his hollow fiber bioteactor running®"),
indicating the possible limited diffusion of nutrients across
gels in static culture. And it is worth mentioning that our
lower viability in our hollow fiber culture at cell density of
5%10° cells/ml. in comparison to their hepatocyte viability
of 45%P% could due to the extra membrane barrier and
different medium composition and no daily medium
changing.

As hepatocytes exhibit similar viabilities in hollow fibers
featured respectively by large MWCO and microporous,
liver-specific function on urea secretion was further
examined to compare the effect of diffusion. The urea
production was much higher in microporous hollow fibers
than in the ultrafiltration hollow fibers with MWCO of
100 ku. This corresponded well with our previous results
that higher liver-specific function was performed in
bioartificial livers with microporous hollow membranes.
Thus, by this experiment, it could be concluded that higher
liver-specific functions were closely related to better
diffusion. We did not discuss the possible diffusion resistance
caused by a boundary layer or a stagnant film on surface
of membranes or collagen gels, however, by considering
the same materials (polysulfone and collagen gel) and the
same configurations among all these hollow fiber systems,
it is reasonable to exclude the effect of the diffusion in
such boundary layer.

In summary, both cell-matrix gel and membrane
compartment contribute to diffusion resistance in static
culture of mammalian cells by gel entrapment within hollow
fibers. Cell culture of continuous KB cell and primary
hepatocyte confirm the cell-mediated gel contraction and
the limited transportation of nutrients by diffusion.
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