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Abstract: Cutaneous wound healing is a complex multi-stage process involving direct and indirect 
cell communication events with the aim of efficiently restoring the barrier function of the skin. One 
key aspect in cutaneous wound healing is associated with cell movement and migration into the 
physically, chemically and biologically injured area resulting in wound closure. Understanding the 
conditions under which cell migration is impaired and elucidating the cellular and molecular mech-
anisms that improve healing dynamics is therefore crucial in devising novel therapeutic strategies 
to elevate patient suffering, reduce scaring and eliminate chronic wounds. Following the global 
trend towards automation, miniaturization and integration of cell-based assays into microphysio-
logical systems, conventional wound healing assays such as the scratch assay or cell exclusion assay 
have recently been translated and improved using microfluidics and lab-on-a-chip technologies. 
These miniaturized cell analysis systems allow precise spatial and temporal control over a range of 
dynamic microenvironmental factors including shear stress, biochemical and oxygen gradients to 
create more reliable in vitro models that resemble the in vivo microenvironment of a wound more 
closely on a molecular, cellular, and tissue level. The current review provides (a) an overview on  
the main molecular and cellular processes that take place during wound healing, (b) a brief intro-
duction into conventional in vitro wound healing assays, and (c) a perspective on future cutaneous 
and vascular wound healing research using microfluidic technology. 

Keywords: cell migration, cutaneous wound healing, wound healing assay, lab-on-a-chip, micro-
fluidics, skin, microvasculature  

1. Introduction 
Mechanical injuries, burns, and illnesses are, among others, the leading causes of ex-

ternal or internal tissue damage or lesion, generally referred to as wounds. Breaks in the 
epithelial barrier, known as the cutaneous wound, disturb the skin’s primary function, 
which is the protection of the body against the external environment [1]. Following 
wounding and blood flow restriction (clotting) the injured tissue undergoes three stages 
of regeneration including inflammation (localized swelling), new tissue formation (re-
building) and maturation (remodelling) resulting in healed wound areas that are gener-
ally weaker than uninjured skin. These wound healing stages are not only complex but 
also fragile and it is well known that wound healing kinetics such as speed and efficiency 
varies in each individual depending on stress level, age, sex, and lifestyle [2]. Addition-
ally, pathological conditions can interfere with the normal wound healing process and 
may lead to impaired or delayed wound healing such as diabetic ulcers and chronic 
wounds [3]. In turn, excessive healing can also lead to the formation of non-functional 
fibrotic tissue and impaired vascularization [3].  

To study tissue regeneration processes that take place during wound healing, various 
in vitro wound healing assays have been established to elucidate the most influential fac-
tors and mechanisms that govern cell proliferation and migration. Here cell-free areas 
(wounds) within cell layers are induced using either mechanical (scratching), thermal and 
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laser as well as electrical injuries [4]. Among these, the scratch assay is still the most widely 
used in vitro wound healing assay where cells are manual removed from a cell layer using 
pipet tips. To overcome the many shortcomings of conventional in vitro wound healing 
assays including reproducibility, manual labor and flexibility, a number of microfluidic 
wound-healing assays have developed in recent years to provide automated, miniatur-
ized and integrated cell analysis platforms. Consequently, this review focuses on the cur-
rent state of established microfluidic wound healing assays that assess the role of cell mi-
gration in the overall wound healing process. 

 

2. A brief overview of wound healing: process, cells, and pathways  

A series of activated intracellular and intercellular pathways initiate the wound heal-
ing and repair process, as shown in Figure 1A [5], comprising of three distinct stages in-
cluding (1) inflammation, (2) new tissue formation, and (3) tissue remodeling [6], [3], [1], 
[7]. Malfunction in one or more of these stages can result in abnormal or defective wound 
healing such as excessive cell proliferation (e.g., keloid scars) or lack of wound closure 
(e.g., diabetic ulcers) and chronic wounds [3], [1], [8]. It is also important to highlight that 
various cell types such as keratinocytes, fibroblasts, endothelial, and immune cells are in-
tricately involved in cell proliferation, differentiation, and migration during wound heal-
ing stages [3], [9].  

The first stage of wound healing is inflammation which occurs as an immediate re-
sponse to the break in the epithelial barrier. In this stage, inflammatory pathways prevent 
further bleeding and infection [3]. Neutrophils, macrophages, and monocytes migrate into 
the wound site to clean the wound region from pathogens and dead cell debris. Cross-
linking of the extracellular matrix (ECM) and fibrin forms a scaffold for platelet plug for-
mation. Secreted mediators from platelets attract fibroblasts and white blood cells into the 
wound site [9]. Neutrophils clean the wound area and produce pro-inflammatory cyto-
kines such as interferon-gamma (IFN-γ) and interleukin 1 beta (IL-1 β) [3], [8]. In turn, 
these cytokines lead to the expression of adhesion factors such as selectins. Once mono-
cytes have migrated into the wound site, they readily differentiate into active macro-
phages responsible for phagocytosis of pathogens and matrix debris. These infiltrating 
cells also express inflammatory cytokines and growth factors such as platelet-derived 
growth factor (PDGF), transforming growth factor β (TGF-β), and endothelial growth fac-
tor (VEGF) necessary for fibroblast cell proliferation and de-novo tissue formation [6], [9].  

In the second stage of wound healing, known as the proliferative stage, re-epitheli-
alization and vascularization occurs to fill and cover the wound [9]. Migration, prolifera-
tion, and maturation of keratinocytes and dermal fibroblasts lead to de novo tissue for-
mation known as granulation tissue [10]. Here a fraction of these fibroblasts further dif-
ferentiate into myofibroblasts, [3] which contribute to wound contraction by expressing 
alpha-smooth muscle actin (α-SMA) [5],[9], [7]. Additionally, the synthesized ECM con-
sisting mainly of collagen type I and III [5], which is produced by fibroblasts and myofi-
broblasts is also necessary to attract cell ingrowth and to initiate wound closure. Vascular 
endothelial growth factor (VEGF), secreted by epidermal cells, further stimulate capillary 
sprouting and neovascularization in the wound bed to ensure sufficient oxygen and nu-
trient supply [1]. However, the most critical biochemical regulators in this stage are fibro-
blast growth factor 2 (bFGF) [1], [3], and VEGF and TGF-α, which regulate angiogenesis, 
wound closure, granulation tissue formation and re-epithelialization.[11].  

In the remodeling stage, anti-inflammatory cytokines such as interleukin 10 (IL-10) 
start to regulate immune cell infiltration (i.e., macrophages) as well as collagen type I syn-
thesis by regulation of cell proliferation and ECM remodelling [6], [9]. After wound clo-
sure is accomplished, ECM composition changes and thicker collagen fibers start to form 
to increase tissue resilience. In this stage, remaining fibroblasts, macrophages, and endo-
thelial cells undergo apoptosis and are removed from the tissue [1], while myofibroblasts 
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continue producing ECM during the fibrosis process and wound contraction. The align-
ment of fibers in one direction and transformation of the granulation tissue eventually 
results in scar tissue formation, which in known to exhibit fewer cells and is less vascular-
ized than the healthy tissue [3].  

 

 
Figure 1. (A) Overview of the cellular processes during the three wound healing stages. (B) Sche-
matic representation of pathways involved in wound healing, including receptors for fibroblast 
growth factors (FGF), Epidermal growth factors (EGF), and Transforming growth factor β (TGF-β). 

It is important to note that dermal fibroblasts play a vital role in all stages of cutane-
ous wound healing and connective tissue regeneration [12] and are therefore frequently 
used as representative in vitro models in preclinical and clinical studies [13]. For instance, 
it was demonstrated that phenotypical changes of fibroblasts removed from chronic 
wounds exhibit altered cytokine release pattern and decreased cell motility [14], [15]. Ad-
ditionally, fibroblast cocultivation with keratinocytes can further stimulate cutaneous 
basement membrane formation, resulting in a more physiological matrix architecture [16]. 
Consequently, in vitro 3D co-culture systems containing dermal fibroblasts and keratino-
cytes have been used extensively as a skin equivalents for wound healing studies and 
drug screening applications [16]. Furthermore, fibroblast cell migration into the wound 
site is known to activates signaling cascades such as ERK, MAPK, and TGF-β, producing 
bFGF and TGF-β [3] – all important pathways in the process of wound closure and phys-
iological wound healing. The TGF-β/Smad pathway particularly plays an essential role in 
tissue homeostasis under normal conditions as it suppresses keratinocyte proliferation [3]. 
In more detail, TGF-β receptors phosphorylate Smad2 and Smad3 and form a complex 
with Smad4. The Smad4 complex is translocated into the nucleus where it regulates gene 
expression for inflammation, cell proliferation, matrix synthesis and cell migration. Fur-
thermore, integrin gene expression promotes keratinocyte migration into the wound site 
[5], [17], where the integrin-induced TGF-β secretion further promotes locomotion of my-
ofibroblasts, which are vital players in wound contraction and healing. For instance, re-
searchers have shown that an artificial increase in the TGF-β level leads to more direc-
tional changes in migrating fibroblasts and reduces scar formation [17]. In keloid scars, a 
more serious form of excessive scarring, upregulation of TGF-β and IL-1 has shown to 
dysregulate collagen synthesis towards unwarranted fibrosis resulting into large, tumor-
ous neoplasm [18]. Another important regulatory pathway is the MAPK pathway, which 
is involved in the regulation of cell proliferation and differentiation events. In addition to 
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the activation of the ERK, MAPK, and TGF-β signaling cascades, other pathways includ-
ing the AKT pathway mainly regulates cell survival and PLCγ pathway guiding cell mor-
phology, migration, and adhesion are involved in the healing process [19]. Activation of 
EGFR leads to phosphorylation of downstream proteins and activation of signaling path-
ways such as PI3K/AKT and MAPK [3], which stimulates re-epithelization by promoting 
keratinocyte proliferation and migration [6]. 

 In summary the complex signaling cascades and pathway activations that take place 
during wound healing process govern the cell-to-cell and cell-to-matrix interactions that 
lead to wound clearance, rebuilding and maturation. A failure to progress in any of the 
three stages of wound healing can therefore lead to impaired healing, chronic wounds 
and excessive scar formation.  

 

3. Conventional in vitro wound healing assays  

The ability of mammalian cells to migrate represents a fundamental aspect in biology 
that is essential for embryonic development, immune response, cancer metastasis, and 
wound healing [20]. Therefore, cell migration analysis has become a valuable and indis-
pensable tool to study the mechanisms underlying cell motility and the effects of stimu-
lants on cell migration [21]. Although a number of in vivo animal models exists such as 
excision [22], incision [23], and burn animal models to study wound healing processes at 
whole organism level [24], the majority of cell migration analysis are performed using in 
vitro wound healing assays. Figure 2A and 2B show a schematic overview of the two most 
commonly used in vitro cell migration and wound healing assays including scratch and 
cell exclusion methods for cell migration analysis [20]. The main applications of in vitro 
wound assays are 1) analysis of collective cell migration, 2) analysis of skin cell migration 
for cutaneous wound closure studies, 3) discovering effects of ECM on cell migration, 4) 
studying the mechanism of cancer metastasis, and 5) drug screening [20], [25]. The basic 
principle behind all in vitro wound healing assays is to either exclude or remove a portion 
of a cell monolayer using mechanical, enzymatic, or thermal methods to create cell-free 
areas [21]. Here, cell culture conditions, cell seeding density, and wound size are the main 
parameters that can affect the reproducibility of in vitro wound healing assay [21].  

 

Figure 1. In vitro wound healing assays. (A) Scratch assays most frequently use pipette tips to 
manually scratch and remove cells from a cell monolayer. (B) Cell exclusion assays block a wound 
area before cell adhesion with a physical barrier insert removed after the establishment of the cell 
layer integrity to create a well-defined wound. 

Scratch assay is still the most common method used for cell migration assessment, 
despite its many shortcomings such as lack of standardization, high variability and low 
reproducibility. Scratch assays are widely used in different research fields such as 
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fundamental biology, drug screening, cancer metastasis, immunology, and wound heal-
ing [20]. The main tasks of this 2D assay are 1) preparation of a cell monolayer in culture, 
2) scratch the monolayer to create a cell-free area, and 3) microscopy and imaging [21]. 
Visual cell migration analysis provides information on vital biological performance pa-
rameters, including the cell migration speed and the overall wound closure rate [20]. 
Scratch assays mimic mechanical injuries due to the damage it causes to the cells, leading 
to the release of growth factors and cytokines [20]. However, the release of cellular con-
tents from damaged cells at the wound edge can interfere with migration processes [20], 
[26]. Additionally, manual wounding by various scratching pressure and angles [21] 
causes variations in wound size and quality, consequently limiting its feasibility for high 
throughput screening applications [26], [27]. Nevertheless, due to their simplicity and low 
costs, manual scratch assays are still the method of choice [28], [29], [30] to study patho-
logical wounds and the regulatory effect of the growth factors on cell migration [31]. An 
alternative method of creating cell-free areas is to exclude cells using silicone inserts [32] 
and stoppers to prevent cell growth in defined areas. After cell adhesion and cell growth, 
the culture inserts are removed to monitor cell migration and wound closure [20]. This 
method's advantage is generating more reproducible wound sizes; however, inserts are 
more expensive, and the exclusion of cells cannot mimic the mechanical process of trau-
matic wound process. Improper adhesion of the inserts into the substrate also can lead to 
cell ingrowth into the cell-free gap [21].  

In summary conventional migration and wound healing assays based on cell exclu-
sion or removal feature a range of limitations and are associated with endpoint detection, 
gradients are not linear or controlled, lack of reproducibility, not automation friendly, 
manual removal of inserts, matrix damages and variability between control vs experiment 
scratching. Consequently, next generation wound healing assays need to address varia-
bility, show flexibility in application, permit live cell imaging, perform high-content anal-
ysis and features simple on step protocol (automation friendly).  

4. Advanced microfluidic wound-healing assays 

To address the above-outlined shortcomings, various microfluidics and lab-on-a-chip sys-
tems have been developed to improve standard wound healing assays with various potential ap-
plications such as drug discovery, diagnostics, and basic research. The general principle of micro-
fluidic chip technology is to create a platform for miniaturized and automated bioassays [33]. The 
small volumes required in miniaturized microfluidic devices allow scalable, high throughput as-
says for cell-based analysis [26]. These technologies can be used as state-of-the-art personalized 
devices, particularly for diagnostics and drug screening because of well-established plastic mass 
production technology [34]. High costs of preclinical testing and time-consuming research and 
development are the main challenges in the pharmaceutical industry. The failure of drug efficacy 
and effectiveness during the clinical trial due to the lack of valid preclinical results can be finan-
cially disruptive and cause harm to human patients [33]. Preclinical experiments with animal 
models, in many cases, fail to mimic human body responses to specific treatments. Moreover, the 
response to treatment can vary from patient to patient due to genetic and lifestyle differ-
ences. Therefore, using an intermediate in vitro model, using human cells, can provide 
more realistic predictions in the early stages of drug testing and prevent high costs 
[26],[35]. The fabrication of disposable and affordable microdevices creates a platform 
for parallel and high throughput analysis. Commonly, silicone-based polymers are pre-
ferred for the fabrication of microdevices due to good biocompatibility. Moreover, the 
fabrication of fluid channels using molding, hot embossing, and cutting is known to be 
relatively straightforward [33]. Polydimethylsiloxane (PDMS) as a synthetic silicone-
based polymer is widely used for microdevice fabrication. Gas permeability for CO2 and 
O2 diffusion and optical transparency of this material makes it ideal for cell culture pur-
poses [36]. Transparency of the microdevice system makes the microscopy and tracking 
of the fluid as well as cells possible. Other materials and devices such as glass silicon or 
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metal with integrated sensors can be applied on a microfluidic device depending on its 
diagnostic or screening use [33]. 

Over the last two decades, many on-chip wound healing assays based on microflu-
idics have been reported using various microchannel designs that create cell-free areas 
either by cell exclusion or cell depletion, shown in Figure 3. For cell depletion, either ther-
mal, electric, enzymatic, or mechanical principles remove cell portions from confluent 
monolayers to result in cell-free wound areas. In contrast, microfluidic cell exclusion as-
says initially block cell adhesion on parts of the substrate with an actuated structure or 
removable cover before cell seeding. Removal of the cell blocking structure after cell at-
tachment creates a wound defect. Cell migration assays for the analysis of molecular pro-
cesses in wound healing, including hydrogel cell migration assays [37], [38], and chemo-
taxis chips [39], can per se not be regarded as wound healing assays and will not be elabo-
rated in more detail in the current review. 

 

Figure 2. Overview of state-of-the-art microfluidic wound healing assays, including cell-depletion 
(physical or enzymatic) and physical cell exclusion approaches in microfluidic channels. (Left) the 
mechanical cell depletion approach, (middle) the enzymatic cell depletion approach and (right) 
the cell exclusion approach. In each approach cross-section, and top view of the microchannel dur-
ing and after wounding are illustrated.  

 Instead, the remaining sections focus on how chip-based assays improve biological 
insights into cellular and molecular wound-healing processes and drug screening studies. 
For instance, Zhang et al. used microfluidic technology to establish an in vitro wound-
healing assay based on the exclusion method for creating wound areas based on pillar 
structures [27]. Using the PDMS pillar approach shown in Figure 4A-C human gastric 
epithelial GES-1 cells, the authors investigated the stimulatory effects of EGF with a 50% 
increase in cell proliferation and concentration-dependent increase in cell migration 
speed. Poujade et al. used micro stencil cell exclusion to characterize focal adhesion quality 
on various substrates (i.e., cell-culture plastic and fibronectin-coated glass) and the overall 
impact of biointerface properties on wound closure speed [40]. Gao et al. presented a 
wound-healing assay based on multi-layered microfluidics [26] to create a cell-free area 
by applying mechanical force between two microchannels. Consecutive pressure release 
allowed cell migration into the cell-free areas. This exclusion approach enhanced the in-
hibition of melanoma cell migration over 18 hours, using very few numbers of EGFR+ and 
BRAFV600E wild-type MV3 cells. Even though the authors present a feasible tool for per-
sonalized wound healing applications requiring low cell numbers, the study itself was on 
cancer biology.  
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Figure 3. Microfluidic wound healing assays based on physical cell exclusion. (A-C) Pillar-based 
microfluidic wound healing to analyze the influence of (B) EGF concentration in wound closure 
and (C) number of proliferative cells. Adapted with permissions from Ref. [27]. 

  

 Aside from mechanical depletion or exclusion methods, enzymatic detachment is 
another frequently used wounding method based on the depletion of cell-free areas by 
streaming enzymatic detachment solution over portions of confluent cell monolayers (see 
Figure 5).  

 

Figure 4. Enzymatic microfluidic wound healing assays based on laminar flow patterning of flu-
ids. (A-C) Influence of on-chip nanopattern direction of wound healing speed using enzymatic 
depletion of a central cell-free area using trypsin. Adapted with permissions from ref. [42]. (D, E) 
Influence of flow direction, shear, and VEGF on (E) endothelial migration rate and (D) wound 
healing directionality. Adapted from Ref. [43]. Copyright © 2010 the American Physiological Soci-
ety.  
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Nie et al. reported an NIH-3T3 fibroblasts cell migration assay using enzymatic 
wound creation by hydrostatic laminar flow patterning of Trypsin/EDTA on one side of 
the microfluidic channels [44]. Similarly, Lin et al. investigated the influence of shear and 
wound size on cell migration and wound closure speed of NIH-3T3 fibroblasts and 
showed that increased flow rate accelerates wound healing in 6 mm broad rather than 3 
mm wide wound defects [45]. However, fibroblasts exerted to higher shear forces before 
wounding in 3 mm channels showed slower migration speed. Similarly, Conant et al. an-
alyzed cell proliferation and migration speed of rat epithelial under starvation conditions 
[46]. Wie et al. investigated the effects of microchannel height, surface coating, and chem-
okine stimulation on the cell migration rate of primary human vascular smooth muscle 
cells to confirm that FBS, PDGF, TNF-α, and chamber height positively promote cell mi-
gration speed[47]. Conde et al. used a single channel microdevice with three inlets to en-
zymatically induce a central wound area with two opposing wound edges on melanoma 
cell monolayers [48], while Lee et al. performed a similar wound healing assay shown in 
Figure 5A-C [42] on NIH-3T3 fibroblasts to investigate how the direction of surface nano-
patterns can accelerate wound closure. 

Similarly, van der Meer et al. used an enzymatic wound-healing chip for HUVEC 
endothelial monolayers to show that VEGF gradients, as well as fluid shear, improves 
endothelial cell migration speed. However, shear severely impacts the directionality of 
migration along the fluid flow direction (see Figure 5 D, E) [43]. Furthermore, Murrel et 
al. analyzed how cell spreading and motion are influenced by enzymatic cell depletion at 
the leading edge of tight epithelial cell layers and concluded that reactive oxygen species 
generation plays a vital role in cell migration inhibition [49]. Jeong et al. presented a mi-
gration assay for endothelial cell migration and sprouting using microfluidic chip tech-
nology [50], providing endothelial cells with a 3D microenvironment in two scaffold chan-
nels to investigate the effect of growth factors on cell migration behavior. Shih et al. ad-
vanced a conventional enzymatic endothelial wounding assay with an on-chip chemical 
oxygen concentration generator to demonstrate the influence of oxygen gradients com-
pared to homogenous hypoxic oxygen tension severely influences the directionality of 
endothelial cell migration towards low oxygen concentrations [51]. Only the gradient but 
not stable hypoxia induced this migratory directionality which was not affected by migra-
tion inhibitory drugs. 

 

Figure 5. (A) Wound-healing lab-on-a-chip system with four individual pneumatic and fluidic cell 
chambers. (B) Pneumatic actuation of a flexible membrane within the microfluidic device. (C) Di-
rect comparison of a conventional scratch assay's reproducibility and precision compared to pneu-
matically actuated automated physical cell depletion method for endothelial cells (HUVECs). 
Adapted from Ref. [52] with permission of The Royal Society of Chemistry. D) Effect of growth 
factor bFGF and inhibitory agents Mitomycin C (MMC) and MEK-inhibitor (U0126) on dermal 
fibroblast migration and proliferation dynamics. Adapted with permissions from Ref. [53]. 
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Like the actuated pillar approaches mentioned earlier, Sticker et al. developed two 
microdevices for performing automated cell migration assays based on both the cell ex-
clusion method and the cell depletion method for wound creation (see Figure 6 A-C) [52]. 
Both devices contain three layers with the difference in the middle layer. The cell deple-
tion device comprised a top pneumatic layer, a middle PDMS layer, and a bottom layer 
with multiple microchannels. This technology platform created highly automated and re-
producible wounds for both methods to show how TNF-α and Mitomycin C decreased 
the wound healing speed. A recent follow-up study by Shabestani Monfared et al. [53] 
adapted this approach using PDMS rapid prototyping by xurography to create more 
wounds automatically with a single pneumatic actuation cycle.  

The authors applied their microsystem to investigate the effect of medium supple-
ments such as growth factors and proliferation inhibitory drugs on human dermal fibro-
blast cell migration (see Figure 6 D). For instance, fibroblast stimulation with bFGF could 
increase fibroblast wound closure while increasing migration distance, whereas Mitomy-
cin C decreased the cell migration rate due to proliferation inhibition. MEK inhibitor 
U0126 showed no effect on migration speed and total wound closure relative to the un-
treated control samples by selectively inhibiting only cell proliferation by approximately 
32%. With RSD around 3%, both mechanical studies outperformed the standard deviation 
of conventional scratch assays independently of cell type (e.g., endothelial or fibroblast 
cells) and wound diameter (e.g., 1mm vs. 1.5 mm2), highlighting how can improve the 
reproducibility and comparability of wound depletion approaches.  

5. Concluding remarks 
Wound healing assays using microfluidic technologies are based on cell migration 

into cell-free areas created using various physical and biochemical methods. The most 
common strategy to create cell-free areas (wounds) in cell monolayers is enzymatic de-
tachment using laminar flow patterning, which influences the cell dynamics on the edges 
due to the enzyme interaction with cells. Mechanical approaches, however, present more 
realistic strategies for on-chip wounding. However, these methods often require a more 
complex microdevice design concerning the number of layers and channels and addi-
tional controllers of actuators that deplete or exclude cells. On the one hand, laminar flow 
patterning is most often used and requires syringe pumps, while hydrostatic fluid han-
dling can obviate pumps and improves scalability for drug screening applications. On the 
other hand, applying pressure via pneumatic actuators requires pressure lines and pres-
sure controllers to automate the wounding process via cell exclusion or cell depletion. 
Once the wounding strategy is selected, the challenge remains to use these microdevice 
solutions for biological read-out of wound healing processes. Microfluidic systems are 
used for wounding to frequently investigate either human endothelial cells (HUVECs) or 
mouse embryonic fibroblasts (3T3 fibroblasts). The selection of HUVECs is relevant for 
the investigation of microlesions and ruptures that occurs throughout the human vascular 
system because there are well-established, easy to handle, and commercially available. 
Embryonic fibroblasts are a questionable choice as a relevant model for dermal wound 
healing processes that can be predictive for human wounds and should be considered for 
very early stage and proof-of-principle studies. Keratinocytes, combined with dermal hu-
man fibroblast cells and other more volatile cell populations (e.g., monocytes), would be 
the best option for wound models capable of predicting the complex processes of wound 
healing in general. These cells can be eventually integrated into state-of-the-art commer-
cial full-thickness dermal and epidermal skin models for wound healing assessment. In 
line with the embryonic tissue problem, cancer cell lines are frequently used for cell mi-
gration and wound healing studies even though these models are more relevant for re-
search fields such as cancer cell migration processes in metastasis, such as tumor cell ex-
travasation and invasion. Microfluidic technologies have outperformed conventional 
wound healing assay because of the precise control of vital microenvironmental culture 
parameters, including oxygen and fluid shear. Automation of on-chip wound healing has 
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further improved the reproducibility of wound shape and size by eliminating human er-
rors during the wounding process. Finally, miniaturization of wound healing assays using 
chip technology has the main advantage of using lower reagent and cell material con-
sumption, which is an essential aspect for the scalability of pharmaceutical wound healing 
investigation for personalized medicine in the preclinical research fields such as a chronic 
wound healing. 

6. Outlook 
In order to use microfluidic wound-healing assay as state-of-the-art tool for wound 

healing research, 3D tissue models using keratinocytes, fibroblasts, endothelial and im-
mune cells should be further advanced to better recapitulate anatomical as well as patho-
physiological processes at cellular and molecular level. Such complex wound models 
would have the capacity to be used as skin disease models for research on and drug 
screening of pathologies including diabetic wounds and skin fibrosis. The establishment 
of full-thickness pathological wound models would provide a more scalable and cost-ef-
ficient technology platform for drug screening and medicine development when com-
bined with automated and quantitative analysis schemes (e.g., automated sampling, inte-
gration into automated analysis routines, integration of microsensors, etc.). Wound heal-
ing microdevices combined with dynamic cultures by including patient-derived 
cells/stem cells would lead to the development of personalized medicine based on the 
patient’s unique genetic background. This approach could significantly reduce the need 
for animal testing and could be used to develop patient-specific devices for drug screening 
or cosmetic testing due to the small number of cells and drugs needed for each wound 
healing assay. 

Author Contributions: G.S.M. and M.R. prepared visualizations. G.S.M., M.R. and P.E. co-
wrote the draft and edited the final manuscript. All authors have read and agreed to the pub-
lished version of the manuscript.”  

Funding: The authors acknowledge the TU Wien University Library for financial support through 
its Open Access Funding Program. 

Data Availability Statement: Data is available under reasonable email request. 

Conflicts of Interest: The authors declare no conflict of interests. 

References 

[1] C. R. Singer AJ, “Cutaneous wound healing,” N Engl J Med, vol. 341, no. 10, pp. 738–46, 1999. 

[2] S. Guo and L. A. Dipietro, “Factors Affecting Wound Healing,” no. Mc 859, pp. 219–229, 2010, doi: 10.1177/0022034509359125. 

[3] G. C. Gurtner, S. Werner, Y. Barrandon, and M. T. Longaker, “Wound repair and regeneration,” vol. 453, no. May, 2008, doi: 

10.1038/nature07039. 

[4] A. Stamm, K. Reimers, S. Strauß, P. Vogt, T. Scheper, and I. Pepelanova, “In vitro wound healing assays - State of the art,” 

BioNanoMaterials, vol. 17, no. 1–2, pp. 79–87, 2016, doi: 10.1515/bnm-2016-0002. 

[5] K. A. B. S. Amini-nik and B. A. Alman, “Cutaneous wound healing : recruiting developmental pathways for regeneration,” 

pp. 2059–2081, 2013, doi: 10.1007/s00018-012-1152-9. 

[6] S. Werner and R. Grose, “Regulation of Wound Healing by Growth Factors and Cytokines,” pp. 835–870, 2019. 

[7] P. Martin, “Wound Healing — Aiming for Perfect Skin Regeneration,” vol. 276, no. April, 1997. 

[8] V. Falanga, “Wound healing and its impairment in the diabetic foot,” Lancet, vol. 366, no. 9498, pp. 1736–1743, 2005, doi: 

10.1016/S0140-6736(05)67700-8. 

[9] A. Cristina and D. O. Gonzalez, “Wound healing - A literature review *,” no. Figure 1, pp. 614–620. 

[10] J. Li, J. Chen, and R. Kirsner, “Pathophysiology of acute wound healing,” pp. 9–18, 2007, doi: 

10.1016/j.clindermatol.2006.09.007. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2021                   doi:10.20944/preprints202104.0703.v1

https://doi.org/10.20944/preprints202104.0703.v1


 11 of 13 
 

 

[11] C. Qing, “The molecular biology in wound healing & non-healing wound,” Chinese J. Traumatol., vol. 20, no. 4, pp. 189–193, 

2017, doi: 10.1016/j.cjtee.2017.06.001. 

[12] S. Werner, T. Krieg, and H. Smola, “Keratinocyte-fibroblast interactions in wound healing,” J. Invest. Dermatol., vol. 127, no. 

5, pp. 998–1008, 2007, doi: 10.1038/sj.jid.5700786. 

[13] F. M. Busra, L. Yogeswaran, and M. Mohd, “Attachment , Proliferation , and Morphological Properties of Human Dermal 

Fibroblasts on Ovine Tendon Collagen Scaffolds : A Comparative Study,” vol. 24, no. 2, pp. 33–43, 2017. 

[14] M. A. M. Loots, E. N. Lamme, J. R. Mekkes, J. D. Bos, and E. Middelkoop, “Cultured fibroblasts from chronic diabetic wounds 

on the lower extremity (non-insulin-dependent diabetes mellitus) show disturbed proliferation,” Arch. Dermatol. Res., vol. 

291, no. 2–3, pp. 93–99, 1999, doi: 10.1007/s004030050389. 

[15] H. Brem et al., “Primary cultured fibroblasts derived from patients with chronic wounds : a methodology to produce human 

cell lines and test putative growth factor therapy such as GMCSF,” vol. 9, pp. 1–9, doi: 10.1186/1479-5876-6-75. 

[16] D. L. Æ. K. Cho, “The effects of epidermal keratinocytes and dermal fibroblasts on the formation of cutaneous basement 

membrane in three-dimensional culture systems,” pp. 296–302, 2005, doi: 10.1007/s00403-004-0529-5. 

[17] H. Ramirez, S. B. Patel, and I. Pastar, “The Role of TGF b Signaling in Wound Epithelialization,” vol. 3, no. 7, pp. 482–491, 

2014, doi: 10.1089/wound.2013.0466. 

[18] S. Barrientos, O. Stojadinovic, M. S. Golinko, H. Brem, and M. Tomic-canic, “Growth factors and cytokines in wound healing,” 

2008, doi: 10.1111/j.1524-475X.2008.00410.x. 

[19] C. M. Teven, E. M. Farina, J. Rivas, and R. R. Reid, “Fibroblast growth factor ( FGF ) signaling in development and skeletal 

diseases,” Genes Dis., vol. 1, no. 2, pp. 199–213, 2014, doi: 10.1016/j.gendis.2014.09.005. 

[20] A. Grada, M. Otero-vinas, F. Prieto-castrillo, Z. Obagi, and V. Falanga, “Research Techniques Made Simple : Analysis of 

Collective Cell Migration Using the Wound Healing Assay,” J. Invest. Dermatol., vol. 137, no. 2, pp. e11–e16, 2018, doi: 

10.1016/j.jid.2016.11.020. 

[21] J. E. N. Jonkman et al., “An introduction to the wound healing assay using live-cell microscopy,” vol. 8, no. 5, pp. 440–451, 

2014. 

[22] Ã. M. Garcı, Ã. F. Larcher, Ã. A. Meana, E. Mun, J. L. Jorcano, and M. Del Rı, “An In Vivo Model of Wound Healing in 

Genetically Modified Skin-Humanized Mice,” pp. 1182–1191, 2004. 

[23] A. Shrivastav, A. Kumar, S. Salman, A. Ahmad, M. F. Abuzinadah, and N. Ali, “In vivo models for assesment of wound 

healing potential : A systematic review,” Wound Med., vol. 20, no. December 2017, pp. 43–53, 2018, doi: 

10.1016/j.wndm.2018.01.003. 

[24] M. K. Schneider, H. Ioanas, J. Xandry, and M. Rudin, “An in vivo wound healing model for the characterization of the 

angiogenic process and its modulation by pharmacological interventions,” Sci. Rep., no. November 2018, pp. 1–11, 2019, doi: 

10.1038/s41598-019-42479-1. 

[25] P. Jain, R. A. Worthylake, and S. K. Alahari, “Quantitative Analysis of Random Migration of Cells Using Time-lapse Video 

Microscopy,” no. May, pp. 1–11, 2012, doi: 10.3791/3585. 

[26] A. Gao, Y. Tian, Z. Shi, and L. Yu, “A Cost-effective Microdevice Bridges Microfluidic and Conventional in vitro Scratch / 

Wound-healing Assay for Personalized Therapy Validation,” BioChip J., vol. 10, no. 1, pp. 56–64, 2016, doi: 10.1007/s13206-

016-0108-9. 

[27] M. Zhang, H. Li, H. Ma, and J. Qin, “A simple microfluidic strategy for cell migration assay in an in vitro wound-healing 

model,” Wound Rep Reg, vol. 21, pp. 897–903, 2013, doi: 10.1111/wrr.12106. 

[28] J. W. J. Van Kilsdonk, E. H. Van Den Bogaard, P. A. M. Jansen, C. Bos, M. Bergers, and J. Schalkwijk, “An in vitro wound 

healing model for evaluation of dermal substitutes,” 2013, doi: 10.1111/wrr.12086. 

[29] C. Ueck et al., “Comparison of In-Vitro and Ex-Vivo Wound Healing Assays for the Investigation of Diabetic Wound Healing 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2021                   doi:10.20944/preprints202104.0703.v1

https://doi.org/10.20944/preprints202104.0703.v1


 12 of 13 
 

 

and Demonstration of a Beneficial Effect of a Triterpene Extract,” pp. 1–16, 2017, doi: 10.1371/journal.pone.0169028. 

[30] A. Gefen, “A new technique for studying directional cell migration in a hydrogel-based three-dimensional matrix for tissue 

engineering model systems,” Micron, pp. 4–7, 2013, doi: 10.1016/j.micron.2013.06.002. 

[31] K. Muniandy et al., “In Vitro Wound Healing Potential of Stem Extract of Alternanthera sessilis,” vol. 2018, no. 2011, 2018, 

doi: 10.1155/2018/3142073. 

[32] C. R. Justus, N. Leffler, M. Ruiz-echevarria, and L. V Yang, “In vitro Cell Migration and Invasion Assays,” no. June, pp. 1–8, 

2014, doi: 10.3791/51046. 

[33] Preeti Nigam Joshi, “Cells and Organs on Chip—A Revolutionary Platform for Biomedicine,” in Lab-on-a-Chip Fabrication and 

Application, 2016, pp. 77–79. 

[34] A. H. B. Lung-on-a-chip and D. D. Huh, “STATE OF THE ART,” vol. 12, no. March, pp. 1–3, 2015, doi: 

10.1513/AnnalsATS.201410-442MG. 

[35] M. Felder et al., “Impaired Wound Healing of Alveolar Lung Epithelial Cells in a Breathing,” vol. 7, no. January, pp. 1–5, 

2019, doi: 10.3389/fbioe.2019.00003. 

[36] S. Anuradha, Subramaniam. Swaminathan, “Chapter 18 - Biomedical Applications of Nondegradable Polymers,” in Natural 

and Synthetic Biomedical Polymers, 2014, pp. 301–308. 

[37] S. Y. Cheng, S. Heilman, M. Wasserman, S. Archer, M. L. Shuler, and M. Wu, “A hydrogel-based microfluidic device for the 

studies of directed cell migration,” Lab Chip, vol. 7, no. 6, pp. 763–769, 2007, doi: 10.1039/b618463d. 

[38] J. M. Lee, H. I. Seo, J. H. Bae, and B. G. Chung, “Hydrogel microfluidic co-culture device for photothermal therapy and cancer 

migration,” Electrophoresis, vol. 38, no. 9–10, pp. 1318–1324, 2017, doi: 10.1002/elps.201600540. 

[39] Y. C. Chen, S. G. Allen, P. N. Ingram, R. Buckanovich, S. D. Merajver, and E. Yoon, “Single-cell migration chip for chemotaxis-

based microfluidic selection of heterogeneous cell populations,” Sci. Rep., vol. 5, no. May, pp. 1–13, 2015, doi: 

10.1038/srep09980. 

[40] M. Poujade et al., “Collective migration of an epithelial monolayer in response to a model wound,” Proc. Natl. Acad. Sci. U. S. 

A., vol. 104, no. 41, pp. 15988–15993, 2007, doi: 10.1073/pnas.0705062104. 

[41] H. Go, T. Tian, and S. W. Rhee, “Fabrication of Microfluidic Chip for Investigation of Wound Healing Processes,” vol. 12, pp. 

146–153, 2018, doi: 10.1007/s13206-017-2207-7. 

[42] I. Lee, D. Kim, G. Park, T. Jeon, and S. M. Kim, “Investigation of wound healing process guided by nano-scale topographic 

patterns integrated within a microfluidic system,” PLoS One, vol. 13, no. 7, pp. 1–16, 2018. 

[43] A. D. Van Der Meer, K. Vermeul, A. A. Poot, J. Feijen, and I. Vermes, “A microfluidic wound-healing assay for quantifying 

endothelial cell migration,” Am. J. Physiol. - Hear. Circ. Physiol., vol. 298, no. 2, pp. 719–725, 2010, doi: 

10.1152/ajpheart.00933.2009. 

[44] F. Nie, M. Yamada, J. Kobayashi, M. Yamato, A. Kikuchi, and T. Okano, “On-chip cell migration assay using microfluidic 

channels,” Biomaterials, vol. 28, pp. 4017–4022, 2007, doi: 10.1016/j.biomaterials.2007.05.037. 

[45] J. Y. Lin, K. Y. Lo, and Y. S. Sun, “A microfluidics-based wound-healing assay for studying the effects of shear stresses, 

wound widths, and chemicals on the wound-healing process,” Sci. Rep., vol. 9, no. 1, pp. 1–11, 2019, doi: 10.1038/s41598-019-

56753-9. 

[46] C. G. Conant, J. T. Nevill, M. Schwartz, and C. Ionescu-Zanetti, “Wound Healing Assays in Well Plate—Coupled Microfluidic 

Devices with Controlled Parallel Flow,” J. Lab. Autom., vol. 15, no. 1, pp. 52–57, 2010, doi: 10.1016/j.jala.2009.08.002. 

[47] Y. Wei et al., “A Tubing-Free Microfluidic Wound Healing Assay Enabling the Quantification of Vascular Smooth Muscle 

Cell Migration,” Sci. Rep., vol. 5, no. March, pp. 1–11, 2015, doi: 10.1038/srep14049. 

[48] A. J. Conde, E. Salvatierra, O. Podhajcer, L. Fraigi, and R. E. Madrid, “Wound healing assay in a low-cost microfluidic 

platform,” J. Phys. Conf. Ser., vol. 477, no. 1, 2013, doi: 10.1088/1742-6596/477/1/012035. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2021                   doi:10.20944/preprints202104.0703.v1

https://doi.org/10.20944/preprints202104.0703.v1


 13 of 13 
 

 

[49] M. Murrell, R. Kamm, and P. Matsudaira, “Tension, free space, and cell damage in a microfluidic wound healing assay,” 

PLoS One, vol. 6, no. 9, pp. 1–14, 2011, doi: 10.1371/journal.pone.0024283. 

[50] G. S. Jeong et al., “Microfluidic assay of endothelial cell migration in 3D interpenetrating polymer semi-network HA-Collagen 

hydrogel,” pp. 717–723, 2011, doi: 10.1007/s10544-011-9541-7. 

[51] H. C. Shih, T. A. Lee, H. M. Wu, P. L. Ko, W. H. Liao, and Y. C. Tung, “Microfluidic Collective Cell Migration Assay for Study 

of Endothelial Cell Proliferation and Migration under Combinations of Oxygen Gradients, Tensions, and Drug Treatments,” 

Sci. Rep., vol. 9, no. 1, pp. 1–10, 2019, doi: 10.1038/s41598-019-44594-5. 

[52] D. Sticker, S. Lechner, C. Jungreuthmayer, J. Zanghellini, and P. Ertl, “Microfluidic Migration and Wound Healing Assay 

Based on Mechanically Induced Injuries of Defined and Highly Reproducible Areas,” Anal. Chem., vol. 89, no. 4, pp. 2326–

2333, 2017, doi: 10.1021/acs.analchem.6b03886. 

[53] G. Shabestani Monfared, P. Ertl, and M. Rothbauer, “An on-chip wound healing assay fabricated by xurography for 

evaluation of dermal fibroblast cell migration and wound closure,” Sci. Rep., vol. 10, no. 1, pp. 1–14, 2020, doi: 10.1038/s41598-

020-73055-7. 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2021                   doi:10.20944/preprints202104.0703.v1

https://doi.org/10.20944/preprints202104.0703.v1

