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ABSTRACT

Engineered skin substitutes (ESS) composed of autologous fibroblasts and keratinocytes attached to
collagen-glycosaminoglycan (GAG) scaffolds are effective adjuncts in the treatment of massive burns. The
Kerator, an automated bioreactor for keratinocyte culture, could hypothetically reduce labor and ma-
terial requirements, and increase availability of ESS. Human keratinocytes were cultured in the Kerator
and also in tissue-culture flasks. It was found that keratinocyte confluence increased exponentially with
time in both the Kerator (r2 =0.99) and the flasks (r2 =0.96). Confluence (mean + SEM) of keratinocytes in
the flasks (28 +2.3%) was significantly higher than in the Kerator (18 +0.93%) at day 4. However, there
was no difference in confluence at harvest. The colony forming efficiency (CFE) and population doublings
(PD) per day of keratinocytes harvested from the Kerator were 67 +4.7% and 0.80 + 0.06, respectively,
and were not different from the corresponding values for keratinocytes from flasks. ESS fabricated with
keratinocytes from the Kerator or from the flasks were comparable in vitro in terms of histological
anatomy, cellular viability, and surface hydration. These findings show that there are no differences be-
tween Kkeratinocytes from the Kerator and those from the flasks regarding (a) growth to confluence, (b)
CFE and growth rate (PD/day), or (¢) quality of ESS in vitro, suggesting that the Kerator can automate
fabrication of ESS and increase its availability for treatment of skin wounds.

INTRODUCTION Skin is among the first tissues to be engineered in vitro
and to demonstrate clinical efficacy.'”'® The most signifi-
cant use of tissue-engineered skin substitutes has been in

B IOREACTORS HAVE BEEN DEFINED as devices in which en-
the treatment of massive burns, where their application has

vironmental and operating conditions can be closely

monitored and tightly controlled to permit or induce desired
biological and/or biochemical processes.' Bioreactors have
been employed in the field of tissue engineering to perform
one or more of the following functions: cell expansion,””’
generation of three-dimensional tissues from dissociated
cells and scaffolds in vitro,gf12 and mechanical condition-
ing of developing tissue.'>~'> The use of bioreactors facil-
itates scale-up of tissue-engineering bioprocesses,””""’
automation of culture,>* and improvements in the quality
of engineered tissue.'>'¢

resulted in early wound coverage, reduced harvesting of do-
nor sites for autograft, and less scarring, thereby reducing
morbidity and mortality.'”'” Skin substitutes have also been
used in the treatment of chronic ulcers and giant nevi.?*?!
The prospect of delivering gene therapy for somatic gene
disorders through skin substitutes is being explored.”*??
Apart from their clinical uses, skin substitutes have been
employed in the pharmaceutical industry for toxicology as-
says, which has major implications for reduction in the num-
ber of animal subjects used in safety testing. Engineered
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skin substitutes (ESS) are composed of an epidermal substi-
tute of cultured human keratinocytes, and a dermal substi-
tute of a bovine collagen-glycosaminoglycan (GAG) sponge
populated with cultured human fibroblasts. ESS composed
of autologous cells have been used clinically as effective
adjuncts to autograft in the treatment of massive burns. Gen-
eration of ESS from a patient’s skin biopsy involves isola-
tion of keratinocytes and fibroblasts by means of primary
culture, multifold expansion of the cells in vitro by means
of serial passaging, serial inoculation of fibroblasts and kera-
tinocytes on collagen-GAG sponge, and maturation of the
ESS at the air-liquid interface before transplantation to
the patient.”* Completion of these complex procedures in a
timely manner may impact directly the availability of ESS to
patients with emergent medical needs.

The current methods of cell culture in flasks are extremely
laborious and material-intensive, both of which contribute
significantly to limited availability and high cost of the de-
vice. A bioreactor system such as the Kerator,”> % in which
medium changes are automated and the reactor chamber
is reusable, may hypothetically reduce both the labor and
materials involved in cell expansion for ESS and thereby
increase its availability to patients at reduced costs. The
Kerator has a closed system to avoid microbial contami-
nation, a disposable substrate for keratinocyte adhesion and
proliferation, and a reusable, sterilizable reactor chamber.
The image acquisition system of the Kerator allows visu-
alization of living cells by video microscopy so that the cul-
ture can be harvested when an appropriate cell density has
been reached. Earlier studies with the Kerator focused on
the generation of an autologous wound dressing composed
of confluent and sub-confluent epidermal keratinocytes.?’
In serum-free culture medium, the rate of keratinocyte pro-
liferation on the fluorinated ethylene propylene (FEP) cul-
ture substrate of the Kerator was comparable to that on
standard tissue-culture polystyrene.”” The image acquisi-
tion system of the Kerator was validated for online moni-
toring of keratinocyte proliferation within the bioreactor.””
These studies have shown that the Kerator bioreactor can
support automated culture of keratinocytes. However, to
use the Kerator for the fabrication of ESS, cultured kera-
tinocytes must be harvested from the bioreactor to be in-
oculated on the fibroblast-populated collagen sponge. In
conventional cell culture, harvesting of keratinocytes in-
volves application of mechanical force (e.g., gentle tapping
of flasks) to completely release the cells from the culture
surface following trypsinization. Preliminary studies of kera-
tinocyte harvest from the Kerator showed such procedures
to be impractical because of the size and weight of the
culture module. The earlier studies also demonstrated that
prolonged exposure to trypsin (greater than 10min) was
required to detach keratinocytes from the substrate, but
this resulted in sub-optimal clonogenic potential of the cells
in the subsequent passage. It was observed that treating
keratinocytes with 0.02% ethylenediamine tetra-acetic acid
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(EDTA) eliminated the need for prolonged trypsinization
and the requirement for mechanical forces to harvest ker-
atinocytes from the Kerator. The aims of this study were to
compare the Kerator to flasks for percent confluence of cells
during culture; viability of keratinocytes harvested, by de-
termining colony forming efficiency (CFE) and population
doublings (PD) rate; and the quality of ESS fabricated with
keratinocytes harvested, by studying histological organi-
zation, cell viability, and epidermal maturation in vitro.

MATERIALS AND METHODS

Kerator bioreactor

The Kerator bioreactor, described in detail in earlier
publications,>>*® was used in this study with a slight mod-
ification (Fig. 1). Briefly said, the Kerator comprises a mod-
ular growth chamber that is connected to the reservoirs for
fresh medium, cell suspension, and effluent medium by
means of sterile silicone tubing. The growth chamber con-
sists of parallel polycarbonate plates separated by poly-
carbonate spacers fitted with silicone O-rings. A layer of
hydrophilic fluoroethylene polymer film (FEP C-20, Du-
Pont, Wilmington, DE) covers the upper surface of each
polycarbonate plate and provides the substrate for kerati-
nocyte attachment and proliferation. The FEP film is trans-
parent, gas permeable, and autoclavable. The surface area
for cell growth of a single polycarbonate plate covered with
FEP film is 630 cm”. Five such plates can be stacked at a
time in the growth chamber, yielding a cumulative growth
area of 3150 cm?. The polycarbonate spacer has ports for
medium inlet, gas inlet, and gas outlet. The spacer has two
concentric grooves for silicone O-rings, which helps to hold
the FEP film in place and also provides a leak-proof seal.
Two rigid aluminum frames, one each at the top and bottom,
hold the polycarbonate plates and spacers together by means
of threaded screws. After assembly, the growth chamber is
leak-proof to both liquid and gas. The entirechamber can be
dismantled after a round of cell culture, reassembled with
new FEP film, and sterilized by autoclaving.

Medium and cells are transferred to and from the growth
chamber by means of a bidirectional, multichannel peristal-
tic pump (Fig. 2). Pneumatic pinch valves regulate the flow
of medium through the appropriate conduits for specific proce-
dures. The growth chamber sits on a platform, which can be
rocked back and forth by a pneumatic actuator to ensure equal
distribution of medium and cells. A mass flow controller
upstream of the growth chamber mixes air and 100% carbon
dioxide (CO,) to provide 5% CO; in air. This gas mixture is
humidified and filtered before it enters the growth chamber.
The air outlet of the growth chamber is connected to a CO,
detector (Poytron IR CO,, Draeger Safety, Pittsburgh, PA),
and the reading from the detector is used to manually regu-
late the CO, concentration in the growth chamber at 5%.
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FIG. 1. Image of the growth chamber of Kerator bioreactor, showing (1) Five-layered growth chamber, (2) Rocking platform,
(3) Pneumatic actuator, (4) Camera, and (5) Pneumatic pinch valves. Color images available online at www.liebertpub.com/ten.

The growth chamber sits inside an insulated box maintained TX). The VI provides a graphical user interface (GUI), by
at a temperature of 37°C using a hot plate and a thermostat. ~ means of which culture parameters, namely, culture dura-

The peristaltic pump, pinch valves, and the pneumatic tion, frequency of medium change, volume of medium per
actuator are controlled by the PC using the LabVIEW 6.1 medium change, and number of tilts of the rocking plat-
Virtual Instruments (VIs) (National Instruments, Austin, form, can be regulated.
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FIG. 2. Schematic representation of the Kerator. (A) Growth chamber, (B) Camera, (C) Tilting actuator, (1) Cold medium reservoir,
(2) Warm medium reservoir, (3) Cell seeding and collection reservoir, (4) Waste, (5) CO, supply, (6) Air supply, (7) Mass flow
controller, (8) Humidifier bottle, (9) CO, detector, (10) Peltier cooler, and (11) Compressed air supply.
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Generation of a LabVIEW code for controlling
the operations of the Kerator

LabVIEW 6.1 is a graphical programming language de-
veloped by National Instruments. In the case of the Kerator,
there is a unidirectional flow of information from the
LabVIEW code to the hardware components, which directs
the operation of the culture system. For this purpose, input
variables of the culture system need to be correlated to the
output of the LabVIEW code so as to provide predictable
and efficient control of the Kerator by the computer. The bi-
directional peristaltic pump was first calibrated to deter-
mine the equation for flow rate (in mL/min). From known
values for the flow rate (mL/min), and the rated speed of
pump (rpm), equation 1 below was used to determine the
constants for the slope (A) and the y-intercept (B).

Flow rate (mL/min) = A (rated speed of pump)+B (1)

Then, for a predetermined volume x mL, the time output
(ymin) for which the pump had to be operated was cal-
culated as

X
 A(rated speed) + B

y ()

Thus, by inputting volume parameters for various aspects
of culture (chamber washing, seeding, medium change),
output values in terms of time were generated and used to
control the Kerator. These values, along with the parame-
ters for frequency of medium changes, number of tilts of
the rocking platform, and time between successive tilts,
were combined using specialized LabVIEW structures such
as “For Loop,” “While Loop,” and “Sequence Structures”
to generate a code for automated operation of the Kerator
during keratinocyte culture.?

Image acquisition in the Kerator

A unique feature of the Kerator bioreactor is the image
acquisition system that allows for visualization of kerati-
nocytes in the lowest layer during the growth period. A 0.3
mega-pixel CCD camera lens is mounted onto the tilting
platform mentioned above. By means of stepper motors, the
camera can be moved horizontally to visualize different
fields and vertically to adjust focus. The camera interfaces
with the NI PCI 1411 (National Instruments) image acqui-
sition board in the computer, and digital images are acquired
and displayed using the IMAQ Vision Builder software
(National Instruments). This imaging system allows visuali-
zation of keratinocytes growing within the Kerator in real
time and helps in determining the time of harvest.

Keratinocyte culture in the Kerator

Cryopreserved normal human keratinocytes (NHK) derived
from primary culture of surgical discard skin (from abdo-
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minoplasty) were expanded in T-flasks until sub-confluent
and then harvested. Two strains of keratinocytes, CK 710 and
CK 705, were used in the study. Keratinocytes in P2 (CK
710) or P3 (CK 705) were inoculated in the Kerator at a
density of 4x10%cm?® A parallel culture was established in
T-225 cm? flasks at the same density to serve as control. Five
T-25 cm? flasks were inoculated with the keratinocytes of the
same passage at a density of 500 cells/cm? to determine CFE.
Modified MCDB 153 supplemented with insulin, hydrocor-
tisone, epidermal growth factor, 0.4% bovine pituitary
extract, and antimicrobials (penicillin, streptomycin, and
fungizone) was used as the culture medium and was changed
manually every 2days in the flasks. The Kerator was pro-
grammed to perform medium changes automatically every
48 hours. All experiments were repeated in triplicate.

Comparison of growth rate of keratinocytes between
Kerator and flasks using image analysis

Using the imaging acquisition system in the Kerator
described above, digital images of the proliferating kerati-
nocytes were taken every 2 days beginning from the second
day in culture to the end of culture (n = 15 images at each
time point). Digital images of keratinocytes proliferating
in T-225 flasks were taken at corresponding time points
(n =15 at each time point) using a 6 mega-pixel Nikon D70
camera mounted on a Nikon Diaphot phase-contrast mi-
croscope at 4x magnification and were used as controls.
Using the image analysis software IMAQ Vision Builder
(National Instruments) the images from the Kerator and the
tissue-culture flasks were analyzed for the confluence of
keratinocyte colonies as follows. The grayscale image was
converted to a binary image by cell-edge detection fol-
lowed by manual thresholding to remove noise. The binary
image so created had a pixel value of 1 for cell-covered
areas and O for empty areas in the image. By totaling the
areas that had a pixel value of 1 in the binary image and
expressing it as a percentage of the total pixel area of that
image, the confluence value was obtained (n = 6).

Keratinocyte harvest from the Kerator

On day 7 of culture, keratinocytes were harvested from
the Kerator in a semi-automated manner with the growth
chamber in situ. After draining medium from the growth
chamber and washing briefly (15seconds) with Hepes
buffered saline (HBS), the keratinocytes were incubated
with 0.02% EDTA in HBS for 8 to 10 min. Following this
step, the cells were incubated for 2-3 min with 0.025%
trypsin-0.01% EDTA solution (15mL/layer of growth
chamber). When the cells were released from the culture
surface, as visualized by the image acquisition system, the
trypsin was neutralized by 10% fetal bovine serum and
the resultant suspension was collected in the cell seeding/
collection reservoir (numbered 3 in Fig. 2) by rinsing the
chamber twice with HBS. All steps in the harvesting
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process were performed in an automated manner by a
custom LabVIEW VI, except neutralization of trypsin,
which had to be initiated by the operator.

After collection, the cell suspension was centrifuged
and the cells were resuspended in modified MCDB 153.
The harvested keratinocytes were counted using a hema-
cytometer and were used to inoculate growth assays and
ESS.

Keratinocyte harvest from tissue-culture flasks

After 7days of culture, half of the flasks inoculated in
parallel with the Kerator were harvested by brief (15-30
seconds) washing with HBS followed by treatment with
0.025% trypsin —0.01% EDTA for 5-6 min. This was the
standard protocol used in this laboratory for harvesting ker-
atinocytes. The remaining flasks were harvested using the
same protocol as used for keratinocyte harvest from Kerator
(hereafter referred to as flasks + EDTA), to control the mod-
ification of harvesting protocol in the Kerator. For each
condition, the harvested cells were used to inoculate growth
assays and ESS.

Growth assay of keratinocytes harvested
from flasks and the Kerator

Five T-25 flasks each were inoculated with keratinocytes
harvested from the Kerator and from flasks with keratino-
cytes inoculated at a density of 500/cm?, and were used for
determining CFE. After 4 days of culture, the keratinocytes in
T-25 flasks were washed with HBS, fixed in 2% glutaralde-
hyde, and stained with 0.1% crystal violet. Digital images of
the stained cells were taken under a phase-contrast micro-
scope at 4x magnification (10 fields per flask, 50 fields per
condition). The images were transferred to a computer where
image analysis software (IMAQ Vision Builder) was used to
count the number of colonies composed of four cells or more.
From this, the CFE of keratinocytes was calculated using the
following formulae™ (n=06):

Number of colonies/cm?

~ Number of colonies per microscope field x 100

3
Area of a microscope field (mm?2) )

Colony forming efficiency(%)
_ Number of colonies/cm2 % 100% @

500 cells/cm?

Three T-75 flasks each were inoculated with keratinocytes
harvested from Kerator and from flasks with keratinocyte
inoculation density of 4 x 103/cm2, and were harvested after
7 days of culture. The resultant cell yield was used to cal-
culate the growth rate of keratinocytes, in PD per day, using

the following formulae™:

987

Total number of population doublings =

o (Number of cells harvested — Colony incompetent cells)
£2 Number of colony forming units

®)

Wherein, Number of colony forming units =Number of
cells inoculated x CFE

Colony incompetent cells = Number of cells inoculated
x{100—-CFE}

Total number of population doublings

Growth rate =
rowt rate Culture period (days)

(6)

ESS fabrication and quality analysis in vitro

ESS (n=9 per condition) were fabricated using type I
bovine collagen sponge as scaffold material. Paired NHK and
normal human fibroblasts (NHF) from two cell strains (705
and 710) were used to inoculate the ESS. NHF were recov-
ered from cryopreservation, expanded in supplemented Dul-
becco’s modified Eagle’s medium (DMEM), harvested, and
inoculated on the collagen sponge at a density of 5x 10°/cm?.
The day after fibroblast inoculation, keratinocytes were har-
vested from Kerator and inoculated at a density of 1x10%
cm?®. The following day, ESS were lifted to the air-liquid
interface to allow for the maturation of stratum corneum and
were cultured in that fashion for 21 days at 37°C in an at-
mosphere of 5% CO,. UCMC 160 medium was used for
the first 3 days of ESS incubation, and UCMC 161 medium
was used from day 4 to the end of culture. Keratinocytes
harvested from the T-225 flasks mentioned above were used to
fabricate ESS in a similar manner and served as controls.

On days 7, 14, and 21 following keratinocyte inocula-
tion, samples were taken from test and control ESS for
histological analysis. The samples were paraffin-embedded,
stained with hematoxylin and eosin (H&E), and viewed
under the bright-field microscope for cellularity, epithelial
organization, and maturation.

On days 7, 14, and 21 following keratinocyte inocula-
tion, samples were taken from test and control ESS for 3-(4,
5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay.” This is a colorimetric assay for cellular via-
bility that depends on the ability of mitochondria to cleave
the tetrazolium salt MTT to formazan. The reaction product is
solubilized by 2-methoxy-ethanol and can be read colorimet-
rically at 590 nm. At each time point, four 6 mm punch biop-
sies each were collected from test and control ESS and
incubated in 0.5 mg/mL MTT solution for 3 hours at 37°C in
an atmosphere of 5% CO,. After 3 hours, 2-methoxy-ethanol
was added to the samples and incubated for an additional
3 hours on a rocking platform. Following this step, the reaction
product was measured in terms of the absorbance at 590 nm
using a plate reader. MTT conversion for each ESS was
expressed as the mean of four measurements at each time
point.
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On days 7, 11, 14, and 21 following keratinocyte inoc-
ulation, surface electrical capacitance (SEC) of the ESS
was measured by using the impedance based Nova™
Dermal Phase Meter (DPM 9003; NOVA Technology Cor-
poration, Gloucester, MA).32 At each time point mentioned
above, continuous SEC reading for 10seconds was taken
from five different locations in each ESS from the test and
control conditions and was expressed in DPM units. The
SEC for each ESS was expressed as the mean of the five
readings taken at each time point.

STATISTICAL ANALYSES

The data for keratinocyte confluence, colony forming
efficiency and growth rate, and MTT and SEC were ex-
pressed as mean = standard error of the mean (SEM). The
data were analyzed for statistical significance by one-way
repeated measures (RM) analysis of variance (ANOVA),
and significance was established at the 95% confidence
level. Student-Neuman-Keuls test was used for pair-wise
comparison following one-way RM ANOVA. All statistical
analyses were done using the SigmaStat 3.0 software.

RESULTS

Confluence of keratinocytes in Kerator and flasks

Keratinocyte confluence was measured from digital im-
ages of cells on days 2, 4, and 6 of culture (Fig. 3). The
digital images (Fig. 3A, C) were converted into binary
images by thresholding for cell-covered regions of the
image. The pixel area of cell-covered regions in the binary

FIG. 3. Phase-contrast images of proliferating keratinocytes in
Kerator (A) and flasks (C) on the fourth day of culture. The digital
images were converted into binary images (B, D) by edge de-
tection followed by thresholding to remove noise. Confluence of
keratinocytes was calculated from the binary image by dividing
the cell-covered area of the image (in white) with the total area of
the image, in pixels. Scale bar =100 pm.
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image was expressed as a percentage of total pixel area of
the image to calculate the confluence, using the IMAQ
Vision Builder software. In both the Kerator and the flasks,
keratinocytes showed an exponential increase in confluence
between days 2 and 6, with ¥ values of 0.99 and 0.96 for
the Kerator and flasks, respectively (Fig. 4). Keratinocyte
confluence in the Kerator on culture days 2, 4, and 6 were
6.4+0.97%, 18 +0.93%, and 54 + 1.5%, respectively. At
the corresponding time points, the confluences of kerati-
nocytes in flasks were 8.7+ 1.6%, 28 £2.3%, and 56 +
1.4%, respectively. The confluence of keratinocytes in
Kerator was significantly lower than that in flasks on day 4
of culture (p < 0.05). There were no significant differences
in keratinocyte confluence among the conditions on days 2
and 6 of culture.

Growth assay of keratinocytes following
harvest from the Kerator

The CFE of keratinocytes harvested from the Kerator
was 67+4.7% (Fig. 5A). The CFE of keratinocytes
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FIG. 4. Keratinocyte confluence in Kerator and flasks plotted as a
function of time. Correlation values (+%) indicate an exponential
increase in keratinocyte confluence over time in culture in both
conditions. The keratinocytes in flasks are significantly more con-
fluent than those in the Kerator on the fourth day of culture as
indicated by the asterisk (p < 0.05), but there is no significant dif-
ference in keratinocyte confluence between the two conditions on
days 2 and 6 of culture. Error bars represent SEM.
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FIG. 5. CFE (%) and growth rate (PD/day) of keratinocytes at the time of inoculation into Kerator (P2/P3 inoculum), after harvest
from the Kerator (P3/P4 Kerator), flasks without pretreatment with 0.02% EDTA (P3/P4 Flask), or from flasks after pretreatment with
0.02% EDTA prior to trypsinization (P3/P4 Flask + EDTA). There were no significant differences among the conditions when analyzed

by one-way RM ANOVA. Error bars represent SEM.

harvested from flasks and flasks +- EDTA were 58 £4.7%
and 57.7 £4.2%, respectively. The growth rate of kerati-
nocytes harvested from the Kerator, in PD per day, was
0.804+0.06 (Fig. 5B). The PD/day of keratinocytes har-
vested from flasks and flasks + EDTA were 0.69 £0.11 and
0.84 £0.01, respectively. There were no significant dif-
ferences in CFE and PD/day among the conditions.

Quality analysis of ESS in vitro

Histology. ESS fabricated with keratinocytes harvested
from the Kerator showed histological organization similar
to ESS fabricated with keratinocytes harvested from flasks
and flasks + EDTA (Fig. 6). In all three conditions, there
was an epidermal substitute composed of keratinocytes at-
tached to a dermal substitute composed of collagen sponge
populated with fibroblasts.

MTT assay. MTT assay was performed on samples of
ESS on days 7, 14, and 21 of maturation. There were no
significant differences among the conditions at each time
point (Fig. 7).

Surface electrical capacitance. Epidermal barrier prop-
erty of ESS was assessed by measurement of surface hydra-
tion on days 7, 11, 14, and 21 of maturation in vitro. In all
conditions, the SEC values of ESS decreased significantly

with increasing time of maturation (Fig. 8). There were no
significant differences in SEC among the three conditions
at parallel time points.

DISCUSSION

Data presented in this report demonstrate advantages of
the Kerator over tissue-culture flasks. These are (1) a
modular growth chamber made of resterilizable material,
(2) automated fluid handling during medium changes, (3)
integrated video microscopy, and (4) semi-automated har-
vesting of sub-confluent keratinocytes while maintaining
their growth potential in the subsequent passage. These
advantages contribute to (1) reduced materials involved in
keratinocyte expansion, (2) decreased handling of cells dur-
ing culture, (3) visualization and monitoring of cultures in
real time, and (4) maintenance of ESS quality for grafting.
The ability to control the frequency of medium changes and
environmental parameters such as temperature and CO,
concentration in the Kerator also has important implications
for regulating the physiology of proliferating keratinocytes
and, therefore, of the resultant ESS.

Fluid handling during medium changes in the Kerator, in-
cluding the frequency of medium changes, draining used me-
dium, adding adequate volume of fresh medium per change,
and rocking the platform to ensure even distribution of
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FIG. 6. H&E-stained sections of ESS after 14 days of maturation in vitro. ESS were fabricated with keratinocytes harvested from
(A) Kerator, (B) Flasks, and (C) Flasks + EDTA. In all conditions, the ESS is composed of an epidermal layer of keratinocytes
overlying a fibroblast-populated collagen sponge. Scale bar = 100 pm. Color images available online at www.liebertpub.com/ten.

medium within the growth chamber, was performed accurately
and reproducibly in an automated manner from the point of
cell inoculation by a custom LabVIEW 6.1 VI. Keratinocyte
harvest from the Kerator was performed in a semi-automated
manner with the growth chamber in sifu. The image acquisi-
tion system was used during culture to assess confluence and
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FIG. 7. MTT assay to quantify cell viability in ESS fabricated
with keratinocytes harvested from the Kerator, from flasks without
0.02% EDTA pretreatment (Flask), and from flasks with 0.02%
EDTA pretreatment prior to trypsinization (Flask + EDTA). There
were no significant differences among the conditions when ana-
lyzed by one-way RM ANOVA. Error bars represent SEM. OD =
Optical Density.

during harvest to monitor progression of cell detachment
before collection. In situ video microscopy and subsequent
image analysis are sensitive tools for noninvasive monitoring
and quantization of cell proliferation in culture.**** Com-
parison of keratinocyte proliferation in the Kerator and stan-
dard tissue-culture flasks was performed by analysis of digital
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FIG. 8. The epidermal barrier in ESS fabricated with keratino-
cytes harvested from the Kerator, from flasks without 0.02%
EDTA pretreatment (Flask), and from flasks with 0.02% EDTA
pretreatment prior to trypsinization (Flask + EDTA), as evaluated
by SEC. There were no significant differences among the condi-

tions when analyzed by one-way RM ANOVA. Error bars rep-
resent SEM.
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images for the extent of confluence. The images from both
conditions were taken following medium changes on days 2,
4, and 6 of culture. This procedure was adopted to exclude the
cells that were detached and were floating in the medium prior
to medium change. In both Kerator and flasks, exponential
growth of cells was obtained, but the average confluence of
keratinocytes in the Kerator was less than that in flasks at
day 4 of culture. We believe that this initial lag in keratinocyte
confluence in the Kerator may be due to a minimal loss of
cells in the tubing during transport at the time of cell seeding.
However, there was no difference in confluence between the
Kerator and flasks prior to harvest. This is a significant finding
because it suggests that the Kerator can support keratinocyte
growth to the same extent as tissue-culture flasks. This finding
also agrees with that of Kino-Oka and Prenosil,25 who found
comparable rates of keratinocyte growth among the polysty-
rene surface of T-flasks and the FEP surface of Petriperm
dishes.

The image acquisition system of the Kerator has certain
strengths and limitations. The camera system offers real time
collection of images with integrated image analysis to quan-
tify cell growth. However, because the objective lens is closer
to the inlet than to the outlet of the growth chamber and
moves along a single horizontal axis, the images acquired
might not accurately reflect keratinocyte confluence over the
entire growth chamber. To correct for this limitation, it was
ensured that the growth chamber was level prior to the start of
culture. Also, the growth chamber was manually rocked after
keratinocyte inoculation to ensure equal cell distribution
across entire culture surface of the reactor chamber. As part
of the preliminary studies, qualitative visual inspection of
keratinocyte colonies on the culture surface of the Kerator
was done after fixation with 2% glutaraldehyde and staining
with 0.01% crystal violet. These studies demonstrated uni-
form distribution of cells along the length and breadth of the
reactor chamber. Future design changes in the Kerator, such
as addition of a second perpendicular axis for the movement
of the objective lens, could eliminate the potential limitation
due to camera location. Another limitation of the image ac-
quisition system is that only the lowest layer of the growth
chamber can be viewed by the camera. This limitation also
exists in large-scale, manual cell-culture systems such as the
Cell Factory. However, under the current setup of the Kera-
tor, where each layer of the growth chamber is connected in
parallel to the cell-seeding and medium conduits, it can be
safely assumed that all layers receive equal volumes of the
cell suspension for inoculation and hence have similar inoc-
ulation densities as the lowest layer.

The ability of FEP polymer substrate to support keratino-
cyte attachment and proliferation in the Kerator deserves
mention. Native FEP is a hydrophobic polymer, and there-
fore cells do not attach to its surface. However, cells can
attach and proliferate if the surface of FEP is made hy-
drophilic by chemical modification.>>~*® The FEP film used
in the Kerator (FEP C-20) has a proprietary surface treat-
ment in order to make it cementable. It is likely that this
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treatment also confers hydrophilic properties to the poly-
mer, which enables it to support keratinocyte attachment
and proliferation.

Maintenance of clonogenic potential of keratinocytes after
harvest and at the time of inoculation on fibroblast-inoculated
collagen sponge is essential for the formation of an epidermal
layer in ESS.*>” A protocol was designed for harvesting ker-
atinocytes from the Kerator by pretreatment with 0.02%
EDTA prior to trypsinization. EDTA chelates divalent cat-
ions such as calcium and magnesium and thereby loosens the
integrin-mediated attachment of keratinocytes to the culture
substrate.*® This action of EDTA reduces the time required
for trypsin to detach the cells from the culture substrate. It
also obviates the requirement of mechanical forces to release
cells from the culture surface, following trypsinization.
Keratinocytes harvested from the Kerator using this method
exhibited CFE and growth rates comparable to keratinocytes
harvested from tissue-culture flasks either with or without
pretreatment with 0.02% EDTA. While there is a benefit of
harvesting keratinocytes by pretreatment with 0.02% EDTA
prior to trypsinization in the Kerator, there is no such benefit
in tissue-culture flasks. This could be due to the greater
hydrophilicity of FEP substrate compared to tissue-culture
polystyrene, resulting in greater keratinocyte adhesion to the
former.”® The CFE and growth rates of adult-derived
epidermal keratinocytes reported in this study also agree well
with those reported earlier in the literature, where MCDB 153
was used as the culture medium.***

ESS fabricated with keratinocytes harvested from the
Kerator showed histological organization similar to those
fabricated with keratinocytes harvested from flasks. An in-
crease in keratinization of the epidermal layer with time was
observed in all conditions (data not shown), which resulted in
a corresponding decrease in surface hydration by SEC. Cel-
lular viability in ESS was comparable among the Kerator and
flasks, as suggested by MTT conversion data. Studies are
being undertaken to quantify the proliferating fraction of
keratinocytes in ESS, by bromodeoxyuridine (BrdU) labeling
during the second week of maturation in vitro.

This study provides evidence that epidermal keratino-
cytes, cultured in and harvested from an automated biore-
actor, can successfully constitute well-organized and viable
engineered tissue that forms epithelial barrier in vitro. Al-
though keratinocytes grown on gelatin microcarriers in
a bioreactor were shown to heal cutaneous wounds, this
method did not entail harvesting of keratinocytes and the
formation of a tissue-engineered device in vitro prior to
transplantation.*® Transplantation to full-thickness wounds
on athymic mice of ESS fabricated with keratinocytes
harvested from the Kerator is currently being undertaken to
assess their capacity for wound healing in vivo.

In this study, we have successfully tested the potential of
automating certain steps of keratinocyte culture and harvest
in the Kerator for tissue engineering of ESS. Studies will be
conducted in the future to fully automate the process. Al-
though not tested in this study, medium changes in the
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bioreactor could be regulated by monitoring a limiting
threshold of metabolites (e.g., glucose, urea, lactate, glu-
tamine), and this could allow more precise regulation of the
physiology of cell populations.*' Other tissue-specific cells,
such as fibroblasts, endothelial cells, and melanocytes, can
be similarly cultured and harvested for large-scale pro-
duction of ESS. Complete automation of ESS fabrication
will also require automated inoculation of cells on the
polymer substrate and automated medium changes for the
maturing skin substitute. A closed bioreactor system that
incorporates automated scaffold seeding and perfusion cul-
ture of engineered skin has recently been described.** Inkjet
printing of cells is an emerging technology for automated
cell seeding on scaffolds.** Although the integration of these
technologies will increase the engineering complexity of the
manufacturing process, it may improve the anatomy and
physiology of the tissue-engineered medical product, reduce
fabrication costs, and increase product availability to the
patient.
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