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Abstract

Currently, most in vitro models of wound healing, such as well-established scratch assays, involve studying cell migration and wound closure
on two-dimensional surfaces. However, the physiological environment in which in vivo wound healing takes place is three-dimensional rather
than two-dimensional. It is becoming increasingly clear that cell behavior differs greatly in two-dimensional vs. three-dimensional environments;
therefore, there is a need for more physiologically relevant in vitro models for studying cell migration behaviors in wound closure. The method
described herein allows for the study of cell migration in a three-dimensional model that better reflects physiological conditions than previously
established two-dimensional scratch assays. The purpose of this model is to evaluate cell outgrowth via the examination of cell migration away
from a spheroid body embedded within a fibrin matrix in the presence of pro- or anti-migratory factors. Using this method, cell outgrowth from
the spheroid body in a three-dimensional matrix can be observed and is easily quantifiable over time via brightfield microscopy and analysis
of spheroid body area. The effect of pro-migratory and/or inhibitory factors on cell migration can also be evaluated in this system. This method
provides researchers with a simple method of analyzing cell migration in three-dimensional wound associated matrices in vitro, thus increasing
the relevance of in vitro cell studies prior to the use of in vivo animal models.

Video Link

The video component of this article can be found at https://www.jove.com/video/56099/

Introduction

Wound healing is a complex process which results in the restoration of tissue integrity following injury. This process is broken into four
overlapping stages encompassed by hemostasis, inflammation, proliferation and remodeling, which are each regulated by a complex
combination of soluble cues, cell-matrix interactions, and cell-cell communications.1,2 The orchestration of these cues controls a multitude of
cellular responses in wound healing including, importantly, cell migration.3,4 Cell migration is a highly dynamic process dependent on both cellular
phenotypes and the biochemical and biophysical properties of the extracellular matrix milieu.5 Cells continuously probe their extracellular matrix
environment through integrin-mediated pathways; this process allows cells to sense a wide range of matrix properties including topography,
rigidity, and confinement. Two-dimensional (2D) analysis of cell migration demonstrates that migration is driven by lamellipodia formation at the
leading edge through the generation of actin filament bundles. Subsequent formation of focal adhesions at the leading edge, in combination with
actomyosin driven contraction and retraction at the trailing edge, drives the cell forward.6 Three-dimensional (3D) cellular migration is currently
not well understood, however, recent studies demonstrate that 3D migration is markedly different than the afore described mechanism in 2D
and is likely driven by alterative mechanisms. For example, recent studies by Petrie et al. demonstrated that, depending on the properties of
the ECM, cells in 3D matrices can switch between lamellipodium and lobopodium driven mechanisms of migration.7 Because cell migration
is a critical component of the wound healing response, 3D models of cell migration are critical for understanding physiological responses to
various stimuli during wound healing. Although cell migratory behavior on 2D surfaces has been shown to vary greatly from migration in 3D
matrices, most current in vitro models of cell migration during the wound healing process, including the well-established scratch assay, utilize 2D
monolayer cultures.5,6,7,8,9,10,11,12,13,14 More recently-developed assays have utilized a 3D matrix, but still culture cells in a monolayer on top of the
matrix, thus limiting the ability to truly recapitulate the three-dimensionality of the cell environment in vivo.15

The purpose of the method described herein is to study cell migration in a physiologically relevant 3D model, rather than on a 2D surface, in
order to gain a more robust understanding of migration responses associated with the applied stimuli. This method allows for the evaluation
of cell migration within a 3D fibrin clot matrix in the presence of factors that activate or inhibit pathways associated with cell migration. A fibrin
matrix was chosen for this method due to the critical role fibrin plays in the early stages of wound healing; following injury, a fibrin clot is formed
within wound environments to stem blood loss and serves as a scaffold for initial cell infiltration during tissue repair and remodeling.2,16,17,18,19,20

Additionally, fibrin is used clinically as a surgical sealant and the composition of the sealants has been tied to cell migration and ultimate
healing outcomes. A previous study by Cox et al. investigated fibroblast migration with fibrin clots comprised of varying fibrin and thrombin
concentrations for the purpose of optimizing a fibrin sealant. In these studies, migration of cells out of fibrin clots onto plastic dishes was
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quantified.20 Here we present a method that allows for quantification of migration of cells within the 3D fibrin environment. While the method
described in this protocol specifically uses fibrin, this model can easily be modified to use alternative matrix materials as desired, such as
collagen or other 3D matrices. Additionally, we present the use of fibroblast spheroids in this assay because fibroblast migration into the wound
bed is of paramount importance to extracellular matrix synthesis and tissue repair/remodeling. However, during the repair process neutrophils
are the first cell type to migrate into the wound bed, followed by macrophages. Fibroblasts then begin to infiltrate the wound environment
approximately 48 hours after initial injury, at the beginning of the proliferative phase of the wound healing process.19 This assay could be easily
modified to include neutrophils, macrophages, or other cell types to assess how alterations in fibrin clot structure affect migration of these cell
types.21

To implement this assay, first, a fibroblast spheroid is formed using a modification of techniques previously described for stem cell culture.22 The
fibroblast spheroid is subsequently transferred into a 3D fibrin matrix, and outgrowth can then be easily monitored and quantified over several
days. This protocol takes into account the 3D of physiological systems by embedding 3D cell spheroids within a fibrin matrix, thus avoiding the
limitations in relevance brought about by a using a 2D growth surface with a cell monolayer to model migratory behavior, while still allowing for
evaluation of cell behavior in a highly controlled in vitro environment.

Protocol

1. Day 1: Cell and Reagent Preparation

NOTE: All cell and reagent preparation should be performed in a biological safety cabinet to prevent contamination of samples.

1. Warm filtered Dulbecco's Modified Eagle's Medium (DMEM), fetal bovine serum (FBS), L-glutamine, and penicillin/streptomycin in a 37 °C
water bath.

2. Prepare neonatal human dermal fibroblast (HDFn) media by supplementing warmed DMEM with 10% FBS, 1% penicillin/streptomycin, and
1% L-glutamine.

3. Thaw a vial of frozen HDFns and centrifuge for 8 min at 200 x g to remove cryopreservation medium. Resuspend cells in prepared HDFn
media at a density of 1 x 106 cells/mL and seed into a T-75 culture flask.

4. Place flask in an incubator (37 °C, 5% CO2) to allow cell proliferation.
5. Store HDFn media at 4 °C.
6. Prepare pro- and anti-migratory reagents as needed.

2. Day 3: Spheroid Preparation

1. Perform the following in a culture hood to prevent contamination of samples.
2. When cells reach 80% confluency, aspirate media and add 5 mL of 0.25% Trypsin-EDTA. Store flask in a 37 °C incubator for 5 min to fully

detach cells from the flask surface.
3. Add 5 mL of warmed media to the flask to neutralize the trypsin.
4. In a microcentrifuge tube, mix 10 μL of Trypan Blue and 10 μL of the cell suspension.
5. Centrifuge the original cell suspension for 8 min at 200 x g.
6. While the cell suspension is being centrifuged, add 10 μL of the Trypan Blue cell suspension to a hemocytometer and perform a cell count.
7. Following centrifugation, aspirate media without dislodging the cell pellet. Resuspend the cell pellet at a concentration of 1.25 x 105 cells/mL.
8. Add 5 mL of sterile phosphate buffered saline (PBS) to the bottom of a 10 cm Petri dish to maintain a hydrated environment during spheroid

growth.
9. Invert the lid of the Petri dish. Add several 20 μL drops of the cell suspension onto the inner surface of the Petri dish lid.
10. Quickly invert the lid again and place it back on the bottom of the dish, being careful not to dislodge the hanging drops. Figure 1 illustrates

successfully formed hanging drops.
11. Carefully place the dish in a 37 °C incubator and allow spheroids to grow in a hanging drop culture for a period of 72 h.

3. Day 6: Embedding Spheroids into 3D Matrix

1. Perform the following in a culture hood to prevent contamination of samples.
2. For the formation of first fibrin layer, create a clot solution of sufficient volume to add 100 μL of clot solution per well for as many

wells as required (1 spheroid per well). Clots are comprised of 10% 10X HEPES buffer by volume (250 mM HEPES, 1500 mM
NaCl, 50 mM CaCl2, pH 7.4), 2 mg/mL human fibrinogen, and 0.1 U/mL human alpha thrombin. The remainder of the clot volume is
comprised of ultrapure water.

1. Add thrombin last and quickly add solution to desired wells in a 48-well plate in order to prevent clots from polymerizing prior to being
added to wells.

3. Gently shake/tap well plate to ensure that fibrin clot mixture is coating the entire well, and then place well plate in the incubator for 1 h to allow
the bottom clot layer to polymerize. Do not shake well plate hard enough to induce bubble formation; simply rock plate as necessary until the
entirety of the well is coated. If larger clot volumes are used, this step may not be necessary.

4. Transfer spheroids to the fibrin layer.
1. Remove the well plate and the Petri dish containing spheroids in the hanging drop culture from the incubator and examine spheroids

under a microscope. Then place the dish into the culture hood.
2. Carefully invert the lid of the Petri dish to allow access to the hanging drop cultures.
3. Using a 21 G needle attached to a 1 mL syringe, carefully transfer one drop from the inverted lid into the center of each well, taking

care not to puncture the polymerized fibrin layer coating the bottom of the well. To effectively transfer the drop, slowly pull the drop into
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the needle. Stop pulling the plunger back as soon as the entire drop is inside the needle; pulling the drop back too far may introduce air
bubbles, which can disrupt effective spheroid transfer or subsequent imaging.

4. Examine the well plate under a microscope to ensure that spheroids have properly transferred into all desired wells.

5. For the formation of second fibrin layer, create another clot solution using the same preparation as above for creation of the first fibrin layer
(step 3.2). Carefully pipette 100 μL onto each spheroid-containing drop and examine under a microscope again to ensure that spheroids are
still intact and have not been pushed to the edges of the wells.

6. Return the well plate to the incubator and allow the second layer to polymerize for 1 h.

4. Day 6: Addition of Pro-migratory or Inhibitory Factors

1. Warm HDFn media to 37 °C.
2. Perform the following steps in a hood to prevent contamination.
3. Prepare media for each group including appropriate concentrations of pro/anti-migratory agents to be evaluated.
4. Remove the well plate from incubator and place in a culture hood.
5. Add 500 μL of standard media to each well of the control spheroid group, 500 μL of inhibitory media to each well of the migration-inhibited

spheroid group, and 500 μL of pro-migratory media to each well of the migration-enhanced spheroid group.
6. Return the well plate to the incubator.
7. Change media every 48 h.

5. Days 6-9: Evaluation of Cell Migration and Proliferation

1. Image spheroids using brightfield microscopy immediately after addition of media (0 h) and then every 24 h for 72 h. Optional: at each time
point, take a z-stack image in order to determine if migration is occurring in planes outside of the primary area of focus. In our experience this
does not occur; however, it is useful to ensure this is the case in every experiment.

2. Use ImageJ to determine cell outgrowth in each well by analyzing percent increase in area for each spheroid by tracing the cell border for
each spheroid at each successive time point and using the "Measure" function to obtain the area.

Representative Results

Spheroid culture can be utilized to successfully evaluate the effect of pro and anti-migratory agents on fibroblast migration in vitro
 

3D fibroblast spheroids can be formed via hanging drop culture over a period of 72 h (Figure 1). Following the culture period, spheroids are
embedded within the clot matrix and imaged using brightfield microscopy (Figure 2). The initial areas of the spheroids (depicted in the figure as
the areas bounded by the white borders) were determined using ImageJ and used as a reference point to determine the degree of subsequent
cell outgrowth from the spheroid bodies. Initial average area measurements for the spheroids were determined to be 4.3 x 104 μm2 ± 1.1 x 104

μm2 for the control spheroids, 4.4 x 104 μm2 ± 1.1 x 104 μm2 for the pro-migratory spheroids, and 4.5 x 104 ± 7.7 x 103 μm2 for the anti-migratory
spheroids. Media containing pro- or anti-migratory factors was added to the spheroid-containing clots, and cell outgrowth from the initial spheroid
body was imaged every 24 h, with final images taken 72 h after the original media was added (Figure 3).

Upon completion of the experiment, spheroid growth over time was analyzed using ImageJ to calculate the changes in spheroid area for each
sample. As shown in Figure 3, the outermost edge of the cell cluster at each time point was used to determine the time-specific degree of cell
outgrowth. We expect that the out-of-focus spots shown in Figure 3 are cell debris, and we do not count this in our quantification. Full-size
images show a clear, continuous cell border emerging from the spheroid body; it is this border that is traced when determining outgrowth. Cell
outgrowth was quantified by normalizing the cell outgrowth area relative to the original spheroid body area at t = 0 h, and then expressing the
growth as a percentage of the original spheroid area. Quantification of the cell outgrowth over the 72 h period reveals that spheroids exposed
to a pro-migratory agent exhibit a significantly increased degree of migration away from the original spheroid body in comparison to spheroids
exposed to a migration-inhibitory agent and to control spheroids exposed to standard media (p <0.0001, Figure 4). Conversely, spheroids
exposed to an anti-migratory agent exhibited significantly decreased degree of migration away from the original spheroid body when compared
to control spheroids (p <0.0001).

For comparison, we have provided an example of a scratch assay (Figure 5). This assay was performed by seeding fibroblasts at 500,000 cells/
cm2 on 24 well-plates coated with 2 mg/mL fibrinogen. Fibroblasts were allowed to grow overnight. The well surface was then scratched with a
pipette tip, and cell migration into the scratch area was imaged over 24 hours. As shown in representative images presented in Figure 5A, there
are limitations to this assay; scratches are not very reproducible and in some cases, the boundaries are not clearly delineated. However, the
overall migration trends in the presence of pro- and anti-migratory factors are the same as those present in the 3D spheroid assay, despite the
aforementioned variability and the differences in modes of migration. It should be noted that migration rates are faster in the 2D scratch assay,
compared to the 3D spheroid assay. Closure was fastest in the presence of the pro-migratory agent and all samples cultured in the presence of
the pro-migratory agent were completely closed within 24 h.
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Figure 1: Human dermal fibroblasts in a hanging drop culture. Cells are left in a hanging drop culture for 72 h to induce spheroid formation.
A top (A) and side (B) view of the hanging drop culture are presented. (C) Schematic depicting side view of spheroid formation in a hanging
drop. The black line represents the top of the plate, the pink sphere represents the media, and the purple spheres represent the cells within the
spheroid. Please click here to view a larger version of this figure.

 

Figure 2: Spheroid appearance after initial embedding in fibrin matrix (t = 0 h after addition of media) imaged using brightfield
microscopy at 10X magnification. (A, D) Control spheroid; (B, E) Spheroid exposed to anti-migratory agent in media; (C, F) Spheroid
exposed to pro-migratory agent in media. Images are shown with (D-F) and without (A-C) white lines that indicate the borders used to determine
outgrowth area. Please click here to view a larger version of this figure.
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Figure 3: Spheroid appearance after 72 h imaged using brightfield microscopy at 10X magnification. (A, D) Control spheroid; (B, E)
Spheroid exposed to anti-migratory agent in media; (C, F) Spheroid exposed to pro-migratory agent in media. Images are shown with (D-F) and
without (A-C) white lines that indicate the borders used to determine outgrowth area. Please click here to view a larger version of this figure.

 

Figure 4: Spheroid growth over 72 h. Pro-migratory and anti-migratory agents in media are shown to significantly impact fibroblast migration
and proliferation in 3D environments. N = 3/group; **** represents p <0.0001. Error bars represent standard deviations. Please click here to view
a larger version of this figure.
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Figure 5: Comparison to standard 2D scratch assay. (A) Representative images of cell migration in a standard scratch assay over 24 hours.
Fibroblasts were grown in media conditioned with pro- or anti-migratory factors, and differences in scratch closure were quantified over time.
(B) Percent closure over time for fibroblasts grown in control, pro-migratory, or anti-migratory media. Although there are differences in modes of
migration present in this 2D assay vs. the 3D spheroid assay, overall migration trends remain consistent. N = 3/group; * represents p <0.05. Error
bars represent standard deviations. Please click here to view a larger version of this figure.

Discussion

This protocol allows for the examination of cell migration in wound healing associated ECMs through an in vitro 3D model. A crucial step in
proper execution of the procedure is the proper development of fibroblast spheroids; cell concentration during preparation was optimized to give
an initial concentration of 2,500 cells/drop, allowing spheroids to form reliably over an incubation period of 72 h. If an insufficient number of cells
are used, spheroids may not aggregate effectively and may break apart upon being transferred and embedded into the fibrin layers. If different
cell types are used, initial cell concentration and/or spheroid ripening time may have to be adjusted in order to obtain consistent, stable spheroid
formation. For cell types that proliferate more slowly than fibroblasts, a much higher initial cell concentration may be necessary to ensure proper
spheroid formation within the 72-hour time span. Cells should not remain in a hanging drop culture longer than 72 h due to the inability to change
media on the spheroids while in culture. Differences in initial spheroid size are expected due to inherent biological variability; we address this
variability by starting spheroid formation with a consistent number of cells to minimize size differences as much as possible and by normalizing
growth over time to allow for data comparisons.

The primary challenge to the implementation of this method is the transfer of spheroids from a hanging drop culture into the clot matrix. This
protocol uses a needle and syringe to aspirate the spheroid-containing droplet from the inverted Petri dish lid, but other methods, such as the
use of tweezers or of micropipettes attached to trimmed tips, may also be applied to effectively transfer the spheroids from hanging drop to
matrix. Spheroids can be transferred reliably by pulling the plunger of the syringe back slightly prior to transferring the droplet, and by ensuring
that the droplet is drawn up into the needle slowly so that gas bubbles are not introduced into the droplet. The syringe plunger should only be
pulled back just enough to bring the entire droplet into the needle; pulling back any further will also introduce bubbles and interfere with the
reliable transfer of the spheroids into the wells of the well plate. Specialized hanging drop culture plates may also be used in order to simplify the
spheroid culture, but are a less cost efficient means of doing so than simply using a standard dish.

During wound healing in vivo, fibroblasts that invade the wound area produce extensive serine proteases that result in fibrin matrix degradation.
These cells subsequently synthesize new extracellular matrix, predominantly comprised of collagen, in order to repair the damaged tissue.23 This
mechanism of migration allows for controlled invasion which is not captured by our method and represents a limitation of the system. It should
also be noted that the fibroblasts utilized in this method will secrete proteases that would over time degrade the fibrin network; therefore, if long-
term (>72 hours) migration studies are desired, protease inhibitors, such as aprotinin, should be added to the cell culture media.
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Despite these limitations, this method provides a simple, cost-effective, and reproducible method in which to study 3D cell migration in vitro.
While providing a more physiologically relevant environment than commonly used 2D models, growth analysis in the 3D model described herein
maintains the straight forward analysis provided by 2D models. Spheroids are easy to visualize using simple brightfield or phase microscopy and,
if desired, this method can easily be modified for use in fluorescence microscopy by fluorescently labeling cell membranes and matrix proteins.
This protocol made use of neonatal human dermal fibroblasts due to the role of fibroblast migration in tissue repair/remodeling. If desired,
neutrophils, macrophages, keratinocytes or other cell types could be used in this assay to assess how alterations in fibrin clot structure affect
migration of other cell types involved in wound healing. The 3D material may also be modified as needed; depending on the desired application,
collagen or other 3D matrix materials may be used in lieu of a fibrin matrix in order to provide a physiologically relevant model. A useful model
for studying longer-term cell migration in a wound-like environment could be obtained with this protocol by using keratinocytes and collagen
rather than fibroblasts and fibrin. The methods described also allow greater flexibility and cost-effectiveness in cell migration and wound healing
studies through the implementation of a physiologically relevant in vitro model rather than requiring immediate in vivo work following classic two-
dimensional in vitro studies.
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