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The skin is human's body largest organ and
fulfills many functions, with its main purpose
to provide a protective barrier against the ex-
ternal environment. After injury, the skin has
a self-regenerative mechanism, the wound
healing process, consisting of 4 phases.
Immediately after injury, the hemostasis phase
begins. Blood fills the wound and aggregated
platelets and red blood cells form a throm-
bus, which stops the bleeding and facilitates
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a provisional matrix for the next steps in the
wound healing process. Next, in the inflam-
matory phase (Fig. 1), the wound environment
is cleaned from damaged cells and tissue,
including glycosaminoglycans (GAG). The
proliferative phase includes the migration of
cells into the wound as well as the production
of new extracellular matrix (ECM), resulting in
wound closure. This increases the number of
cells in the wound environment as well as ECM
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products, such as collagen and GAGs (Fig. 1).
Lastly, the fibroblast-produced tissue matures
in the maturation phase. The interaction bet-
ween various cell types is of high importance
to facilitate proper and complete wound clo-
sing and healing (Fig. 1). Especially the inter-
play between fibroblasts, or connective tissue
cells, and keratinocytes (epidermal skin cells)
is crucial [1].
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Current therapies for chronic or severe
wounds are generally painful, high in cost and
enclose a long and often incomplete recove-
ry. Abundant research is performed to overco-
me these limitations, however, in vitro models
still have several limitations [2,3]. One of the
main limitations in in vitro research is the use
of 2D wound healing models, which lack the
ability to mimic the physiological and structu-
ral native cellular environment [4]. Therefore,
a switch to 3D in vitro research is necessary.
However, present 3D wound healing models
are often highly laborious and require high
technical skills [5]. In addition, existing in vitro

wound healing models do not take the diffe-
rent phases into account while drugs can have
a different impact on each phase [¢]. Overall,
a relatively easy 3D wound healing model to
investigate the different phases and cell types
of the wound healing process, is required.
The Magnetic 3D Bioprinting technique from
Greiner Bio-One can be used to easily crea-
te 3D cellular constructs. In addition, using
different ratios of cell types helps to mimick
the different phases of wound healing into
one model. To understand and capture the
complete 3D wound healing process, auto-
mated live cell imaging in combination with
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a high temporal resolution is necessary. The
CytoSMART® Omni is a live-cell imaging sys-
tem that scans entire culture vessels at regular
intervals in the incubator. Because of its mo-
ving camera, the cells are undisturbed throug-
hout the entire experiment.

In this study, a new high-throughput
3D wound healing model was developed.
Different phases of the wound healing pro-
cess were mimicked via different ratios of
keratinocytes and fibroblasts. Wound hea-
ling was quantified via ring closure analysis of
images obtained with the CytoSMART® Omni
and ECM production after 24 hours.



Methods

Normal Human Dermal Fibroblasts (NHDF
or F; C-12302; PromoCell) were cultured
in Fibroblast Growth Medium 2 (C-23020;
PromoCell). NHDFs were detached with tryp-
sin and used at passage 6. Normal Human
Epidermal Keratinocytes (NHEK or K; C-12003;
PromoCell) were cultured in Keratinocyte
Growth Medium 3 (C-20021; PromoCell)
and detached with the detachkit (C-41200;
PromocCell). NHEK were used at passage 5.
For bioprinting 3D cell constructs, cells need
to be magnetically labelled. Magnetic label-
ling was done by adding 600 ul Nanoshuttle
(Nanoshuttle™-PL; 657843; Greiner Bio-One)
per T75 flask and incubating overnight. ECM

production was activated by levitation.
Levitation was performed by placing a le-
vitation plate on a cell-repellent 6-well plate
(657825; Greiner Bio-One) seeded with NHDF's
or NHEK's (1,6 x 10¢ cells/ml) for either 1 or 16
hours, respectively. The levitation time differs
between cell types since splitting of the levi-
tated dots can be harmful for sensitive cells.
Thereafter, cells were resuspended and co-
cultured in a cell-repellent 384-well plate (80
000 cells/well). The cells were seeded in the
following co-culture ratios: (1) TFIK, (2) 3F1K, (3)
1F:0K, (4) 173K, (5) OFIK, in 75% Keratinocyte
Growth Medium 3 and 25% Fibroblast Growth
Medium 2. Next, the well plate was placed

on top of a 384-magnetic ring drive (655850;
Greiner Bio-One) for 1 hour to create rings
mimicking dermal wounds. Thereafter, the
plate was placed on the CytoSMART® Omni
to obtain high-resolution images at 37°C and
5% CO, (Fig. 2). Images were automatically
uploaded to the CytoSMART® Cloud, where
the internal ring areas were determined every
hour, for 24 hours.

Statistical analysis was performed with
GraphPad Prism. Differences in wound closu-
re were measured via one-way ANOVA, follo-
wed by a Tukey's multiple comparisons test.
Differences were considered significant for P
<0.05.

Fig. 2: (A) A 96-well plate
placed on the CytoSMART®
Omni inside a humified in-
cubator. (B) 3D ring con-
struct representing a dermal
wound.

Results

Wound closure was significantly slower for
cell cultures with keratinocytes (3F:K; 1F:K;
1F:3K: OF:1K) compared to the monocul-
ture of fibroblasts (1F:0K). After 3 hours, the
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percentage of wound closure was significant-
ly lower for all groups which contained kerati-
nocytes compared to the group with only fi-
broblasts. The longer the incubation time, the

6 hours
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smaller the differences between groups beca-
me. However, all groups with 50% or more ke-
ratinocytes had a significantly lower percenta-
ge of wound closure at all time points (Fig. 3).
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Fig. 3: Difference in percentage of wound closure at (A) 3, (B) 6, (C) 9 and (D) 12 hours. ‘ns": no significant differences, ** P < 0,01. All other groups are significant
different from each other (P < 0,007; TF:0K: n=45, 3FIK: n=57 1K:1F: n=50, 1F:3K: n=26, TK:0F: n=36).
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The results of the GAG assay and collagen
staining (n=2) after 24 hours were in line with
the trends described in literature (Fig. 1and
Fig. 4). The production rate of both collagen
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and GAG decreased when the percentage
of keratinocytes in the co-culture increased
(Fig. 4). For the OFIK samples, no GAG pro-
duction was detected. This feature is also
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seen in Figure 1, in the maturation phase, the
GAG production stops for monocultures of
keratinocytes.

Fig. 4: The amount of GAG
and collagen (Col) from the
GAG assay and collagen
staining (dotted lines) com-

time

pared to the results from
P the model (Fig. 7). Collagen

was not measured for all the

. Col model

ﬁ Col results

ratios or wound healing
phases. Statistical analysis
was not performed (n=2).

Discussion

To develop new wound healing therapies, 3D
in vitro wound healing models are needed to
understand the continuous wound healing
process. 3D models are often high in costs,
highly laborious and low-throughput. The ‘ma-
gnetic cell culture technique' developed by
Greiner Bio-One enables relatively easy and
low laborious development of 3D ring cons-
tructs. To analyze the continuous wound hea-
ling process, a high temporal resolution is re-
quired, which is achieved by live-cell imaging
with the CytoSMART® Omni. In addition, the
CytoSMART® Omni can be placed inside the
incubator. This prevents contamination during
imaging outside the humidified environment
and creates a stable environment in which ki-
netic data can be obtained. The CytoSMART®
Omni automatically image and analyze wound
closure every hour in each well of a 384-
well plate, resulting in a high-throughput 3D

wound healing model.

This study showed that the continuous
wound healing process can be mimicked via
co-cultures of fibroblasts and keratinocytes.
The speed and percentage of wound closure
increased upon increasing numbers of fibro-
blasts in the co-culture. These co-cultures
have been shown to represent the prolifera-
tive phase of the wound healing process. In
the maturation phase, however, the main goal
of the wound healing process changes from
ECM production and wound closure to ma-
turation of the neo-ECM, in which the kerati-
nocytes play a big role. This can also be seen
in the co-cultures with a high number of kera-
tinocytes, which are low in contractility and
ECM production. These constructs, therefore,
represent the maturation phase of the wound
healing process.

By creating 3D ring constructs with the

different co-culture compositions in a 384-
well plate, a high-throughput 3D wound hea-
ling model was made. Especially during the
first 6 hours, the speed and percentage of
wound closure were highly dependent on
the co-culture ratio. In case only end-point
measurements were taken, these results
would not have been discovered. This study
showed that using a monoculture or a one-ra-
tio co-culture can only provide information on
a small part of the wound healing process. In
the wound healing process, the production
of collagen and GAG is crucial to develop
healthy tissue. The production rates of both
are dependent on the specific wound healing
phases. Preliminary results of our 3D wound
healing model showed both GAG and colla-
gen production in the model system corre-
sponding to the production rates per wound
healing phase described in the literature.

Conclusion

A low laborious and high-throughput 3D in
vitro wound healing model was developed
using the ‘'magnetic cell culture technique’
from Greiner Bio-One and the CytoSMART®

Omni using PromoCell keratinocytes and fi-
broblasts in the respective medium. This 3D
in vitro wound healing model can mimic the
different phases of the wound healing process
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based on the number of fibroblast and kerati-
nocytes and the production rate of GAG and
collagen. Therefore, this model can be highly
efficient in drug screens for wound healing.
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