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Abstract: Scratch assays enable the study of the migration process of an injured adherent cell layer
in vitro. An apparatus for the reproducible performance of scratch assays and cell harvesting has been
developed that meets the requirements for reproducibility in tests as well as easy handling. The entirely
autoclavable setup is divided into a sample translation and a scratching system. The translational
system is compatible with standard culture dishes and can be modified to adapt to different cell
culture systems, while the scratching system can be adjusted according to angle, normal force, shape,
and material to adapt to specific questions and demanding substrates. As a result, a fully functional
prototype can be presented. This system enables the creation of reproducible and clear scratch edges
with a low scratch border roughness within a monolayer of cells. Moreover, the apparatus allows
the collection of the migrated cells after scratching for further molecular biological investigations
without the need for a second processing step. For comparison, the mechanical properties of manually
performed scratch assays are evaluated.

Keywords: wound healing assay; scratch assay; cell harvesting; cell migration; prototype apparatus;
endothelial cells

1. Introduction

As the outer shell of the human body, skin forms the human’s largest organ [1]. When skin is
injured, it is able to repair itself while passing through five stages of wound healing: haemostasis,
inflammation, proliferation, migration, and maturation [2,3]. As a part of this process, cells migrate
into the wounded area [4]. Wound healing assays can be set up in order to enable further investigation
of the skin wound-healing process in vitro [5-7].

The popularity of these assays can be explained by the simplicity of their procedures. In such
procedures, a layer of adherent cells is wounded under specified conditions and the subsequent
migration of the contiguous cells into the fresh and cell-free area is observed and analyzed [8-10]. Such
a defined cell layer can be wounded by scratching, stamping using PDMS or neoprene [11-13], thermal
wounding [14], electrical wounding [15], or optical wounding [16,17]. Scratching is most commonly
performed in well plates using pipette tips [18-20]. However, it can also be performed by using a
variety of sharp-edged tools like toothpicks [21], metallic micro-indenters [22], or cell scrapers [23].

Furthermore, it is reported that scratches are performed on coverslips, which can be placed into
a 6-well plate [24]. In other techniques, inlets within dishes or wells to create a cell free area have
been used [25]. The general aim of a scratch assay is to provide straight borders in a reproducible
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way without damaging cells [26]. However, the reproducibility of manually performed scratch assays
strongly depends on the performer and their skills [27].

An attachment for forceps-like scrapers to create scratches of defined direction, length, width,
and depth in 6-well plates has been developed to investigate keratinocyte migration [28]. Scratches
obtained with this scratch stencil are reported to be inflicted with high precision and in a reproducible
fashion [29]. The material chosen by this group, polyoxymethylene, is generally a suitable construction
material in concerns of laboratory apparatus construction [30].

In all aforementioned strategies, it is only possible to investigate the migration behavior of cells
under different conditions. Subsequent molecular biological investigations using RNA or protein
samples from migrated cells were impossible due to the fixation of the cells. Therefore, migration
assays were performed separately by using transwell or Boyden chambers. After migration, the
migrated cells were collected for further investigations [31-33].

Depending on the needs of experimental design and availability, the used cell types for the
mentioned investigation methods of migration and wound healing may vary. For instance, to study
epithelial repair, epithelial cells from the lung [34] or the retina [35] are commonly used. Another
interesting source is represented by mesenchymal stem cells, which can be differentiated towards
multiple cell types [36—42]. Setiawan and colleagues even differentiated human adipose-derived stem
cells towards epithelial cells for usage in scratch assays [43]. Fibroblasts from foreskin (HFF), skin (HDF),
or nasal polyps (NPDF) have recently been used as well as microglia cells and keratinocytes [25,44-46].
In addition to the mentioned cell types, endothelial cells are a favorable source to study migration.
Many working groups used either human or bovine endothelial cells in scratch assays and other
migration assays [47-56].

This study covers the development and evaluation of a prototype scratch apparatus for wound
assays, focusing on the comparison to conventional procedures. The presented device allows for the
collection of migrated cells after scratching for further investigations, without the need of a second
processing step. Moreover, the apparatus is adjustable in angle, normal force, shape, and material to
adapt to a specific question and demanding substrates. In detail, scratching performance is examined
for different configurations to identify parameters leading to an ideal scratch.

2. Experimental Section

2.1. Characterization of Manually and Automatically Performed Scratch Assays

As a model culture, HMEC-1 (ATCC, Manassas, VA, USA) cultivated in 60 mm petri dishes
(Sarstedt, Niimbrecht, Germany) was used in all experiments.

For manually performed scratch assays using pipette tips (Sarstedt, Niimbrecht, Germany), rubber
spatulas (Deutsch & Naumann, Berlin, Germany) and cell scrapers (Sarstedt, Niimbrecht, Germany),
the recommended procedures according to [8,57] were followed. A swift and consistent scratch
of 30 mm length was applied to the culture dish surface. Every scratch assay was performed in a
sixfold determination.

For the scratching device, normal angles varied between +/-45°, normal forces varied from 0.3 to
1.0 N/scratch, and the directions varied concerning push and pull performance. The control of the
force impacting the cell substrate was achieved using calibrated weights mounted to the scratch head.
Acting force was acquired using a calibrated load cell (VWR, Radnor, PA, USA) beneath the culture
dish. Image processing was performed using OriginPro 2017 (Originlab, Northhampton, MA, USA).
The scratching performance is considered as the roughness of the scratch edge obtained, expressed as
the mean deviation from its linear regression (Figure 1). In order to identify and classify the parameters
leading to an optimal scratch, median values are processed as they are less prone to severe deviations
in the overall measurement.
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Figure 1. Scheme of the data acquisition. In the first step, acting forces are collected in a variety of
experimental configurations. Secondly, each scratching setup (F, «, dir) is evaluated microscopically
in a sixfold determination. Finally, the obtained pictures are processed concerning the scratch border
recognition and subsequent regression for roughness quantification.

2.2. Evaluation of the Harvesting Capabilities of the Scratch Device

A monolayer of cells was grown (60 mm culture dish, cell density: 200,000 cells/dish, medium:
DMEM + 10% FBS), scratched and re-scratched using only one culture dish. To increase the number of
scratch edges, 30 mm blades made from standard cell culture scrapers (Sarstedt, Niimbrecht, Germany)
with set-in jags were used. After scratching under different tested conditions, the cells were allowed to
migrate for 24 h at 37 °C in the incubator. The dishes were mounted in the device and marked to set the
correct orientation for re-scratching and microscopic assessment. To evaluate the migration capacity of
the cells using a Zeiss Axio Observer D.1 microscope (Oberkochen, Germany) and AxioVision software,
the dishes were placed onto a dish- and slide-holder at the set orientation before and after incubation.
For facilitated and accurate microscopic determination of the migration behavior, the pre-scratched
coordinates within the culture dish were re-approached after scratching.

3. Results and Discussion

3.1. Conception and Construction of the Apparatus

In order to meet the requirements for both reproducibility and easy handling, a simple mechanical
apparatus was designed. The overall requirements for this device, which can be considered a laboratory
or even medical product, include an operation at room temperature, contact to cell cultures, cleaning
in a conventional laboratory washer, sterilization in an autoclave, and portability [58].

The device itself was designed to be completely disassemblable and to be easily manufactured
by a common milling machine and lathe. It consists of two modular parts to fulfil the function of the
sample scratching and locomotion, respectively (Figure 2).
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Figure 2. 3D model of the constructed apparatus consisting of two main components: while the
sample translation system (front) ensures track accuracy, the actual scratching system (back/top)
enables different angles and forces for the scratching blade (depicted in red). The parameters under
investigation are highlighted.

The scratching part of the device needs to scratch a cell substrate of undefined thickness from
above in different, defined angles with respect to the sample surface [18,57,59,60]. The scratching blade
should be disposable or at least replaceable and changeable in geometry for multiple simultaneous
scratches. Moreover, the force impacting on the sample should be able to be varied as different cell
cultures are known to show diverging adhesion forces.

This has been realized by a T-shaped scratch head that can mount any suitable construction
material (e.g., polymers) with a thickness of 2 mm. The blade is fixed in position by two threaded
shafts. The scratch head itself can be adjusted by rotating around the lower axis and fixed in five
positions. Two extension arms, fixed to a polytetrafluoroethylene (PTFE) bushed axle, enable the head
to be lifted up for sample exchange or revision. In order to tune the normal force impacting on the
sample surface, additional weights can be attached. The rear mounting brackets also feature an axle
that allows mounting a gas spring for an automated sample locomotion. Stainless steel was chosen for
the axles and aluminum alloy for all other construction parts.

The sample locomotion part of the device needs to suppress culture dish rotation, tilting, as
well as undesired axial and radial movements. Additionally, the actual locomotion should be
automated, smooth, directionally stable under force impact, easy to handle and to release, and ensure
maximum accuracy.

This is solved by the construction of a linear slide. The sled guide consists of a PTFE sleeved
stainless steel rod on which the sled’s brackets can glide. The sample holder plate provides an annular
culture dish holder with a bayonet type lock that secures the culture dish.

3.2. Comparison of Manually and Automatically Performed Scratching

In order to evaluate the capabilities and limitations of the scratching performances, the scratch
border roughness is interpreted as a function of its respective operating procedure. For manually, as
well as automatically performed scratch assays, the impacting forces and the border roughness values
are depicted (Figure 3).
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Figure 3. Comparison of manually performed scratch assays versus assays performed with the scratch
device (thick lines). Nearly independent from its operation mode, the scratch device achieves scratch
borders that show a lower roughness than many conventional methods that allow cell harvesting.

It shows that manually and automatically performed roughness values vary depending on their
operational mode and especially on the method used. While the manually performed values range
between 30 and 170 um, the mechanically performed scratches enable values of 20 to 70 pm. Concerning
the force accuracy, the manually performed assays vary by roughly 0.1 to 0.15 N per scratch and exceed
0.2 N per scratch for the usually favoured pipette tip technique. Mechanically performed scratch assays
undergo a variation of less than 0.1 N/scratch, even with the directional mode not being differentiated.

When taking a closer look at the manually performed scratch techniques, the force deviation
depends on the tool used. While the rigid and barely deformable pipette tip shows a large force
deviation due to the operator guiding it, the rubber spatula and cell scraper perform with little
deviation. Both these elastic tools show a more rigid and therefore inconsistent force application in
push direction; however, in pull direction deviations can be smoothed out more easily. Concerning the
automated scratching, the deviation in force results from the simultaneous consideration of push and
pull assays.

At this point, it can be stated that the conventionally used pipette tip provides the scratching
border with the least roughness values of all manual techniques investigated.

3.3. Comparison of Different Operational Settings Using the Scratch Device

As a low roughness value was desired, a closer differentiation of the influencing parameters on
the mechanically produced scratch borders was carried out. A classification of all experimental data
into the varied parameters via box plot (Figure 4) revealed that there are distinct settings for direction,
force, and angle that lead to lower mean and median values for optimum scratch performance.
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Figure 4. Roughness values obtained during the scratch performances, unfiltered and classified into
their respective configuration (force, direction, and angle), displayed as a box plot (symbols: O = mean
value, x = min/max values). It is possible to visually identify operational modes that have enabled
reliable scratch borders with a low border roughness.

As the order of classification plays an important role [61,62], the three classification parameters
(angle, direction, and force) have been checked for the lowest roughness median value in all six possible
decision tree permutations (Figure 5).

Median, Median,, Median,
for Parameter 1 for Parameter 2 for Parameter 3
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Figure 5. Construction of the decision trees for the classification of the roughness data. The order of
the refinement parameters is permuted to obtain all possible outcomes independently from each other.

A subsequent evaluation of the step-wise refinement for the ideal parameters (Figure 6) shows a
probability for achieving a low scratch border roughness.
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Figure 6. With all decision trees simulated, the resulting outcomes can be evaluated. For the best
scratching results via scratch device, the scratching direction can be neglected whereas high scratching
forces (1.0 N) and a specific angle (—45°) are favored.

When the highest force is applied, a good scratch is deemed the most probable. A chosen angle of
—45° also leads to a desirable outcome of the scratch border. Concerning the scratching direction, no
preference was observed.

As to the refinement of the scratching parameters, the outcome represents a probability to achieve
a good scratch border (meaning a low roughness value). As the outcome of the scratch direction shows
a 50% distribution for every direction, the influence can be considered inessential. A different picture
can be drawn when the applied force and scratching angle are considered. In four out of six decision
trees, the best outcomes have been recorded for the highest force applied. This is in accordance with
the manual scratch techniques, which also obtained smoother scratch borders when a reasonably high
force was applied. In the range of the results observed, the application of 0.5 N force per scratch had to
be avoided.

3.4. Perfomance of the Automated Scratch Assays on the Harvesting Capabilities

As shown before, the pipette tip technique as a quick scratch assay tool has its justification for
good reason. However, the advantages of easy handling and a good scratch border are outmatched by
the fact that the pipette tip is the only technique investigated that is incapable of scratching (Figure 7A)
and re-scratching (=harvest) migrated (Figure 7B) cells. In contrast, by using the scratch device, a
clear and linear scratch edge was created (Figure 7C). Cells that migrated into the scratch within 24 h
(Figure 7D) were collected by re-scratching the same position (Figure 7E).
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Figure 7. Comparison of conventional scratch assay versus scratch device. Cells were scratched with a
100 pL pipette tip (A) and cells migrated into the scratch within 24 h (B). By using the device, a clear
and linear scratch was created (C) and the cells migrated into the scratch within 24 h (D). After the
migration, the cells were re-scratched and collected at the same position (E).

4. Conclusions

The need for a simple device for the performance of reproducible scratch assays including
harvesting was met by the construction of an apparatus that consisted of a modular setup featuring
a sample scratching and a sample locomotion system. The design was kept simple to enable both
individual adjustment in force, angle, and direction. The conducted experiments show that scratch
borders were generated, which were straighter and more reproducible than manually performed
assays. Concerning both manually and automatically performed assays, the lowest scratch border
roughness data were obtained when using high forces on the substrate.

In contrast to conventional methods, which include a two-step model of scratch assays in well
plates and a subsequent migration assay in transwell chambers or Boyden chambers, the presented
scratch device simplifies the procedure into just a single step. In conclusion, this apparatus is suitable
for facilitated microscopic monitoring of cell migration and proliferation and enables the harvesting
and investigation of these cells only.
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