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ABSTRACT

Wound healing treatment is a challenging strategy in skin drug
delivery due to its complexities. During wound healing stages, fibroblasts
deposit extracellular matrix components, which majority is collagen. Issues
related to collagen production, including scar formation, and delayed wound
healing are essential in wound healing research. Hence, recent studies have
focused on assessing macroscopic and microscopic collagen fibers
qualitatively and quantitatively. Macroscopic analysis of collagen includes
two-dimensional (2D) photographs, planimetric assessments, ultrasonic
imaging, and 3D scanning of wounds; as well as histology-based
microscopically scoring. Thus, the quantitative assessment of collagen
involves Scar Index quantification and collagen content measurement using
Image]. To date, a comprehensive analysis combining those methods could
provide insight for pharmacists, dermatologists, and skin researchers to
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conduct a precise assessment of the wound healing process.
Keywords: skin, scar, extracellular matrix, dermatologist

INTRODUCTION

The human skin makes up 15% of the body
weight, making it the largest tissue in the body. It
serves mainly as a barrier of protecting, and
preventing internal structures from drying out and
cracking mechanically, chemically, thermally, or
from light. Human skin, with its vital protective
functions, is perpetually exposed to physical
damage, heightening the risk of harm (Takeo et al,
2015).Inresponse, Caetano et al. (2016) assert that
the skin has evolved a dynamic wound-healing
process to ensure survival, involving the
remodeling of damaged tissue architecture. The
wound environment is abundant in the
extracellular matrix (ECM), as ECM intricately
governs the complex regulation of wound healing
(Rodrigues et al,, 2019).

The wound-healing process is a complex
sequence of events, loosely divided into 4
coinciding stages: hemostasis, inflammation,
proliferation, and remodeling (Murphy & Evans,
2012). It begins immediately after tissue injury.
Growth factors, platelet granules, and cytokine
molecules are released to regulate inflammatory
cells during wound healing. This cellular invasion is
essential for local debridement during the
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inflammatory phase. These cells help get rid of
unwanted items and act as a matrix for fibroblasts
to grow into larger cells, which forms granulation
tissue finally (Gurtner et al, 2008; Velnar et al.,
2009).

When tissue is injured, fibroblasts rapidly
multiply and move to the damaged area. There,
they initiate a fresh extracellular matrix (ECM) by
producing components like proteoglycans,
glycosaminoglycans, and collagen. This new ECM
replaces the temporary one that forms initially
after injury (Velnar et al., 2009; Guo & DiPietro,
2010). Collagen, a predominant protein in the
human body, serves as a critical building block for
the extracellular matrix (ECM) of human skin. It
plays a vital role in every phase of wound healing,
acting as a chemical guide to facilitate the process
(Pfisterer et al, 2021; Dong et al, 2021).
Additionally, research by Yang & Kang (2019)
further emphasizes that collagen facilitates tissue
repair by enhancing cell adhesion, chemotaxis, and
migration. There are 29 types of collagen; but the
key role in the wound healing process is collagen
type I and Il (Owczarzy et al., 2020). A study by Ho
& Hantash (2013) found that the significance of
analyzing collagen in wound healing arises from
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the effects of deficient collagen production during
the healing process. Researchers have developed
various assays to assess wound healing, examining
collagen presence both qualitatively and
quantitatively ~ through macroscopic  and
microscopic methods (Rezakhaniha et al, 2012;
Quan & Fisher, 2015; Theunissen et al, 2016;
Matsumoto et al., 2021; Jgrgensen et al,, 2020; Bien
et al, 2014). The macroscopic assessment of
wounds relies on two types of examinations: visual
observation and spatial measurements. This
measurement includes two-dimensional (2D)
photographs of wounds, planimetric assessments
of wounds, and three-dimensional scanning of
wounds (Jgrgensen et al.,2020, Bien et al., 2014; Jin,
2018). All those methods must be combined with a
microscopical assessment of collagen in the dermis
(Zhou et al, 2019). Dermal histology after
haematoxylin eosin shows that normal collagen
fibers are thick and irregularly arranged, whereas
scar collagen fibers are thin and flattened
(Limandjaja et al., 2017). The increase in collagen
synthesis and excessive collagen is a result of
scarring conditions including keloids and
hypertrophy (Ho & Huntash, 2013). Traditionally,
collagen fibers have been visually graded by
trained raters from rank 0 to 4+, resulting in less
accuracy and high subjectivity (Chlipala et al,
2020). However, these methods could be biased
and have high subjectivity due to the grade
variability of staining reagent, high subjectivity
between evaluators, and result inconsistency in a
study (Brianezi et al., 2015, Schipke et al., 2017;
Gole et al., 2020). Thus, measuring the structural
and ultrastructural collagen of healing wounds
continues to pose challenges.

As the exploration of innovative therapeutic
healing agents gains greater importance, there
remains a constant demand for dynamic
assessments of wound healing (Mirhaj et al., 2022;
Freedman et al., 2023; Kolimi et al, 2022). Recent
strides in computer technology, exemplified by
advanced programs like Image ], have
revolutionized studies to perform dynamic
functional imaging by seamlessly linking multiple
data sources to establish comprehensive
quantitative systems. This review offers an
extensive examination of collagen assessment
within the wound healing process, encompassing
both macroscopic and microscopic evaluations. We
delve further into the discussion of quantitative
and qualitative assessment of collagen fibers at the
microscopic level within this review.
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SKIN WOUND HEALING
Human skin primarily acts as a defensive
barrier, protecting internal structures from

dehydration and harm caused by physical,
chemical, thermal, and light factors (Takeo et al,
2015). As a defensive barrier, the skin has to
strengthen its response to pathogens. (Naik et al.,
2015). Consequently, skin tissue has to advance its
process in wound healing.

Cellular Responses Underlying Wound Repair

The process of wound healing is complex
and dynamic, involving interactions among various
cells and molecules (Enoch & Leaper, 2008) It
encompasses four stages, the first is hemostasis,
followed by inflammation, proliferation, and the
last is remodeling (Singer & Clarck, 1999).

Haemostasis

The wound healing process starts with the
hemostasis phase, which is characterized by
immediate constriction, disruption, and blood
vessel extravasation. Normal hemostasis steps
depend on interactions between vascular platelets
and clotting factors. Hemostasis stages are
intended to prevent massive blood loss upon injury
by regulating blood flow under normal
physiological conditions (Zaidi & Green, 2019).
Tiny anucleate cells floating in our blood, called
platelets, play a crucial role in stopping bleeding
and forming clots. When a tissue is damaged,
collagen accumulates at this site and activates
platelets to produce a hemostasis plug. Meanwhile,
a protein called Tissue Factor (TF) begins the
production of clotting factor activators and
thrombin to provide the production of thrombin
(Clark, 2003). Thrombin converts a protein called
fibrinogen into fibrin, creating a mesh-like
structure. This mesh acts as a provisional
extracellular matrix, providing a platform for cells
to migrate and start the healing process. Platelet-
containing clots essentially serve to seal wounds
and provide a substrate for inflammatory cell
formation (Zaidi & Green, 2019). A high density of
platelets that store vasoactive amine molecules
such as serotonin to increase microvascular
permeability. Platelets express many Toll-like
receptors (TLRs) (Cognase et al., 2005). It regulates
the production of antimicrobial peptides. In
addition, immune cells activate platelets in the
wound site either by directly trapping them or by
releasing chemokines (Tang et al., 2002; Golebiewska
& Poole, 2015). Rodrigues et al. (2019) found that,
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in haemostasis, platelets are essential, and their
absence disturbs the wound healing process.

Inflammation

The inflammatory stage comprises both
early and late phases (Enoch & Leaper, 2008).
Within 24-48 hours after injury, chemoattractants
like ECM, transforming growth factor-f (TGF-f3),
and formyl-methionyl peptides attract neutrophils
to the wound site. These neutrophils transform into
activated macrophages, releasing growth factors
named endothelial and vascular endothelial growth
factors. A study by Enoch & Leaper (2008) found
that neutrophils cohere with endothelial cells and
migrate within blood vessels. Neutrophils swamp
pathogens by  generating  oxygen-derived
degradative enzymes and free radicals. Meanwhile,
cells at the wound site in the skin epidermis gain
mitotic activity to migrate and proliferate along the
dermis.

During the final stage of inflammation,
collagen forms at the wound incision margins
(Enoch & Leaper, 2008). Inflammation in wound
healing is a complex process regulated by various
intrinsic and extrinsic factors. The following are
examples of external factors: temperature,
humidity, chemicals, desiccation, mechanical
stress, debris, and medication status (Dhasmana et
al, 2021). Reduced levels of monocytes and
macrophages disrupt the wound-healing process.
This leads to inadequate removal of damaged tissue
(debridement), delayed fibroblast cell growth,
impaired growth of fibrosis, and the formation of
new blood vessels. In cases of uncontrolled
inflammation, such as observed in diabetic mice,
healing is significantly delayed (Boniakowski et al.,
2017).

Proliferation

The proliferative phase involves fibroblast
relocation, extracellular matrix deposition, and the
formation of granulation tissue. This phase begins
three days after injury and continues for two to four
weeks. During proliferation, fibroblasts play a
crucial role in replacing the temporary fibrin
matrix within the freshly synthesized granulation
tissue (Wilkinsoon & Hardman, 2020). These
fibroblasts also express matrix metalloproteinases
(MMPs), which break down the temporary matrix
and substitute it with granulation tissue that is rich
in fibronectin, proteoglycans, and collagen in its
immature stage (Enoch & Leaper, 2008). Once a
sufficient collagen matrix is deposited, fibroblasts
cease collagen production and undergo apoptosis
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triggered by unknown signals. It functions as a
structure supporting the production of new
vascular deposits in the ECM, wound cell migration,
and differentiation (Wilkinson & Hardman, 2020).
Granulation tissue indicates a wound healing
process when it is moist, shiny, and has a reddish
appearance. On the other hand, an overly soft,
brittle, and dark red color indicates inadequate
healing (Enoch & Leaper, 2008).

Neovascularization supplies the metabolic
demands of rapidly growing healing tissue called
angiogenesis. This stage is driven by hypoxia,
which activates hypoxia-inducible factor (HIF),
cyclooxygenase-2 (COX-2), and subsequent VEGF
release (Huang et al, 2005). Additionally, several
molecules reveal angiogenic activity, involving
TGF-B, angiotropin, angiogenin, angiopoietin 1, and
thrombospondin (Golebiewska & Poole, 2015).
Angiogenesis is triggered by these molecules
because this molecule induces endothelial and
basic  fibroblast growth factors through
macrophages and endothelial cells.

Re-epithelialization

The epidermis, which forms the surface
layer of human skin, consists of a stratified
epithelial  tissue primarily composed of
keratinocytes. However, beyond keratinocytes, the
epidermal layer also accommodates immune cells,
hair follicles, sebaceous glands, and sweat glands.
When the skin sustains an injury, dermal
fibroblasts communicate via the Wnt/f-catenin
pathway with hair follicle stem cells. These stem
cells relocated to the wound site, differentiate, and
replace various types of epidermal cells.
Conversely, stem cells stimulate fibroblasts thus
they transform into myofibroblasts, which play a
role in wound contraction (Rodrigues et al., 2019).
Additionally, stem cells multiply, forming non-
conjugating Kkeratinocytes that relocate to the
damaged site and contribute to re-epithelialization.
Caetano et al. (2016) state that This process is
facilitated by the discharge of growth factors and
the activation of receptors responsive to growth
factors.

Remodeling and Tissue Maturation

When the re-epithelialization process
finishes, myofibroblasts within the granulation
tissue engage in continuous production of matrix
metalloproteinases and their specific inhibitors.
These MMPs, which are produced by various cell
types including macrophages, epidermis cells,
fibroblasts, and endothelial cells, play a crucial role
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in producing the tissue (Caley et al, 2015; Chen,
1992). During this remodeling stage, specific
components of the extracellular matrix (ECM) are
broken down by MMPs. Notably, the regulation of
MMP activity is delicate because essential collagen
must be preserved to avoid hindering the wound-
healing process. As the healing process progresses,
collagen synthesis and degradation reach a steady
state approximately 21 days after the injury.
Macrophages contribute significantly to wound
healing by clearing away ECM debris and apoptotic
cells. This continuous skin reconstruction
eventually leads to a metalloproteinase activity
impeding and tissue inhibitor metalloproteinase
decreasing. Furthermore, the density of
macrophages and fibroblasts decreases. While the
tissue matures, fibronectin and hyaluronan are
broken down, and the diameter of collagen fibers
increases

THE ROLES OF COLLAGEN FIBER AND ITS
ABNORMALITIES IN WOUND HEALING
Dermal collagen, constituting around 80% of
the dermis’s dry weight, is the primary protein
responsible for organizing the extracellular matrix
(ECM), including skin (Babalola et al, 2014).
Fibroblasts in the skin dermis play a vital role in
creating, arranging, and maintaining the collagen-
rich connective tissue (Quan & Fisher, 2015). The
papillary dermis and the reticular dermis are two
types of skin dermis (McGrath, 2020). While the
papillary dermis contains only small amounts of
collagen, the reticular dermis houses more
abundant collagen bundles. There are 29 different
forms of collagens found in vertebrate tissues,
which can be divided into two main groups: non-
fibrillar collagens (types 1V, VI, VIII, XIV, and XVII)
and fibrillar collagens (types I, 11, and V) (Wang,
2021). About 80% of the collagen in the human
body is type I collagen, which also predominates in
the dermis. Non-fibrillar collagen is less important
than fibrillar collagen (Wang, 2021). Due to its
widespread presence, collagen I is believed to exist
in nearly all connective tissues (McGrath, 2020).
Fibroblasts, obtained from the dermis at
wound edges, have a vital role in collagen synthesis,
which forms the primary item of mature connective
tissue scars (Brook, 1995). The strength of healed
skin depends on the type, quantity, and structure of
collagen, which changes during the healing process.
Initially, COL III is produced, followed by
replacement with collagen 1, the dominant
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collagen type in the skin (Mathew-Steiner et al,
2021; Rangaraj et al, 2011). At the wound
site, collagen IV and VII (COL-IV and VII) are
evenly distributed, with no time-dependent
variation in their appearance in injured skin,
such as in surgical wound sites (Velez & Howards,
2012). COL-IV is found in the reticular
dermis, subcutaneous tissue, and papillary dermis.
According to immunofluorescent detection in
cryosections of human neonatal foreskin tissue,
papillary dermal expression of COL-IV is higher.
COL-1V is present in the dermis of adult skin
samples, especially in the vicinity of the vasculature
and papillary dermis. Prior research indicates that
COL-1V is not produced within the wound itself, but
rather more intensely around the wound borders
on days 1 through 3. Nevertheless, the re-
epithelialization incision's granulation tissue rises
after 7 days (Theocharis et al., 2016).

When activated, myofibroblasts assume the
critical role of synthesizing and depositing
components of the extracellular matrix (ECM)
(Huang et al., 2020). These specialized cells also
contribute significantly to granulation tissue
contraction and maturationl. Growth factor-f1
(TGF-B1) is responsible for converting fibroblasts
into myofibroblasts, leading to an increase in
collagen production (Petrov et al., 2002). Smooth
muscle a-actin (SMA) expression and other pro-
fibrogenic characteristics, such as TGF1, type I/111
collagen, and tissue inhibitor of metalloproteinase-
1 (TIMP-1), which functions as a collagenase
inhibitor, determine the myofibroblast phenotype.
(Duong & Hagood, 2018). During the early stages of
granulation tissue formation, myofibroblasts
primarily produce collagen IlI, influencing the size
of collagen I fibers. Initially, collagen III expression
outpaces collagen [, resulting in a higher ratio of the
two collagen subtypes (from 20% to 50%) (Xue &
Jackson, 2015). As the scar matures, this ratio
normalizes, allowing the identification of immature
scars by their elevated collagen III content
compared to collagen L.

In addition to their ability to produce more
collagen and less collagenase than fibroblasts, scar
myofibroblasts are less susceptible to apoptotic
signaling, which may play an important role in scar
formation. (Moulin et al., 2004). Cytokines such as
basic fibroblast growth factor (bFGF), fibroblast
growth factor-2 (FGF-2), interferon-gamma (IFN-
v), and interleukin-1 (IL-1) can suppress TGF31-
mediated fibrogenesis (Duong & Hagood, 2018).
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Figure 1. The collagen arrangement in scarring versus normal, healthy skin

Decreased collagen numbers induce myofibroblast
apoptosis as a result of these cytokine activities
(Potekaev et al, 2021). When the researchers
compared scar fibroblasts with their normal
counterparts, they found that collagenase
mRNA was reduced and their ability to digest
soluble collagen was also reduced (Zhu et al,
2013). Inappropriate myofibroblast apoptosis
leads to excessive scar formation (Huang et al,
2020).

Collagen fibers in normal human skin tissue
are found in random basket weave structures. In
human scars, collagen forms unidirectional
crosslinks parallel to the skin (Figure 1) (Xue &
Jackson, 2015). Compared to normal tissue, scar
tissue has higher collagen density and larger fiber
size (Wolfram et al.,, 2009). Thicker collagen fibers
and parallel arrangement increase the tensile
strength of the tissue. Most collagen fibrils in
normal skin are composed of collagen I and
collagen III. Instead of simple collagen fibers, the
dermis consists of a highly ordered extracellular
matrix (ECM) network, fused into a network
composed primarily of collagen (McGibbon, 2005).
Collagen fibrils play an important role in restoring
tension during tissue healing, whose tension is
greater than the total tension of autologous cells
(Brauer et al., 2019).

Qualitative Analysis of Wound Healing
Macroscopically Wound Assessment
Two-dimensional photographs of wounds
Clinical methods have predominantly
utilized two-dimensional (2D) approaches for
measuring wounds Jgrgensen et al. (2020). The
assessment of wounds relies on two types of
examinations: visual observation and spatial
measurements. The visual evaluation involves
analyzing attributes such as size, texture, color,
tissue composition, and the stage of severity. The
methods for spatial measurement encompass
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estimating wound area through conventional
rulers, transparent tracing, injection of
colored dyes, and the creation of molds using
alginate (Dhane, 2016). Wound segmentation in
two dimensions involves various techniques
such as K-means clustering, deep neural
networks, support vector machines, k-nearest
neighbors, and basic feedforward networks.
Additional methods encompass superpixel region-
growing algorithms, color histograms, and the
utilization of both geometric and visual
characteristics of the wound surface to achieve
wound segmentation (Filko, 2023). The most
popular methods by far implement deep neural
networks.

A specialized deep neural approach can
identify the location of the wound, separate it from
the distracting background, and locate its position.
Thus, it generates a highly reproducible map of
wound segmentation without user intervention
and standardizes image acquirement during
analysis (Scebba et al.,, 2022). Wang et al. (2020)
introduced a deep convolutional neural network
design named MobileNetV2 for wound
segmentation. Before actual training, the network
was strained using the Pascal VOC dataset. The
resultant neural network model produced a
segmented grayscale wound image as output,
where each pixel carried a probability value
denoting its likelihood of being a wound pixel.
Subsequently, this image underwent a sequence of
post-processing steps, including thresholding to
establish an initial binary image, hole filling, and
the elimination of minor regions. These steps
culminated in the generation of a definitive
binary image or segmentation mask. Mahbod et al.
(2021) introduced a segmentation method
that combines the U-Net and LinkNet deep
neural networks. These networks fundamentally
consist of encoder-decoder  convolutional
architectures.
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Figure 2. Measuring the dimension of the lesion using Digital Planimetry and Ruler Technique (adapted from

Bien etal., 2014)

Planimetric assessments of wounds

The technique for measuring wound
area using planimetric software (or graphical
software equipped with suitable functions)
along with digital photographs is favored
due to its simplicity and cost-effectiveness.
In this approach, a photograph of the wound is
taken with a ruler or known-size marker
positioned alongside the wound's edge. The
image is then transferred to a computer
and opened in planimetric software (Figure 2).
The ruler or marker serves as a reference for
scaling the linear dimensions within the image.
After manually tracing the wound border using a
computer mouse, the software calculates and
presents the wound's area (Foltynski, 2015). The
surface area of a skin lesion can also be assessed by
outlining the lesion's borders on transparent
acetate placed over it and then calculating the
number of square centimeters within the outlined
area using a grid. While this method is relatively
straight forward and offers good reliability, there
can be variations in results when deciding whether
to include partially covered squares within the
outline. Digital planimetry might offer a more
accurate and objective alternative to the grid-
counting method for determining wound surface
area, particularly for irregularly shaped wounds
(Bien et al, 2014).

The computer-based planimetric evaluation
of lesions was conducted manually. In the
initial step, the physician loaded a digital
photograph of a pressure ulcer into the program
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and subsequently outlined the contours of the
lesions. Once the selection phase is complete, the
software automatically computes the area enclosed
by the predetermined outline. This area
measurement is expressed in pixels or, following
appropriate calculations, in square centimeters. To
convert the area into square centimeters, it's
essential to adjust the distance between the
camera lens and the analyzed body part accurately.
This calibration process involves marking the
body part during the capturing process (Senejko,
2021).

3D Three-dimensional scanning of wounds

Various three-dimensional (3D) wound
assessment devices have been developed. These
encompass laser scanning tools, methods based on
structured light, digital imaging techniques, and
systems using stereophotogrammetry (SPG)
technology. These 3D devices can assess wound
healing from a volumetric perspective. The
adoption of 3-D scanning technology for measuring
wound dimensions in scenarios like burns and cuts
has gained considerable interest. Some researchers
have also explored its utility for appraising scars.
Earlier investigations required the utilization of
two to three cameras concurrently capturing
images of the scar to generate 3-D data. However,
they are not extensively employed in clinical
settings due to several practical constraints, such as
imprecision, high expenses, time-intensive
procedures, and complexities in operation (Jin,
2018; Jgrgensen, 2020).
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Figure 3. The 3D-WAM imaging of a diabetic foot ulcer (adapted from Jgrgensen et al, 2020). The image was

prepared in Biorender.

Lasers are commonly utilized for 3D
reconstruction. In this process, a laser line
projection sensor, in conjunction with an RGB
camera, is frequently used to generate detailed
and colored 3D reconstructions. One of the
initial instances where such an approach was
employed was demonstrated in the Derma study,
where the authors utilized the Minolta VI910
scanner. Similarly, the fusion of laser technology
and RGB cameras was also evident in related
research endeavors. While these systems have
displayed a remarkable level of precision, they
do come with the challenge of complex operation.
Additionally, a constraint of these investigations
was the necessity for the entire wound to be visible
within a single frame (Filko, 2023).

Another method of 3D wound measurement
was a 3D wound assessment monitor (WAM)
camera, which can calculate wound area in three
dimensions and is capable of assessing wound
characteristics. The handheld device known as the
3D-WAM camera is a creation of the Danish
company Teccluster. This 3D camera is constructed
with a projector and a trio of cameras incorporated
into a single unit. The measurement process for
wounds was carried out in a standardized manner.
Using this arrangement, the wound is
photographed from various angles (one photo is
taken parallel to the wound) while maintaining a
consistent distance, guided by two red markers
indicating the wound's location. Following this, the
images are merged into a single 3D representation
on a computer screen by identifying corresponding
points in the photos. Next, the outline of the
wound's edge is manually traced on the screen, and
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the software of the 3D-WAM camera promptly
calculates the wound's size (Figure 3) (Jgrgensen et
al,, 2020).

Ultrasound imaging of wounds

Ultrasound imaging offers rapid, cost-
effective, radiation-free, non-intrusive, and point-
of-care imaging capabilities, allowing for deep
visualization into soft tissues up to a depth of about
10 cm (Mantri, 2021). Ultrasonography can non-
invasively evaluate the structure, blood flow, and
elasticity of tissues, which are essential aspects for
assessing wound healing. Furthermore, ultrasound
has been validated as a reliable method for gauging
wound size, a critical factor in tracking how
wounds heal over time. Moreover, tissue
composition changes and scarring are also possible
to be identified. It enables the measurement of
biological tissue characteristics by analyzing
acoustic properties like velocity, attenuation,
absorption, and tissue scattering of echoes. Thus,
ultrasonography has enabled detailed examination
of the skin surface and the mapping of tissue
elasticity (Gynwali, 2020).

A researcher gathered ultrasound images
using a portable ultrasound system equipped with
a 5-18-MHz probe, which offers satisfactory clarity
for imaging 20-30 mm beneath the skin's surface.
The ultrasound scans operated at an 18 MHz
frequency. For infection prevention, a disposable
plastic cover was placed over the probe before
scanning. The ultrasound gain was fine-tuned to
the best level for each instance. The focus point was
positioned at the subcutaneous tissue depth based
on the soft tissue thickness. During ultrasound
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scanning, videos were recorded with the probe
directed both transversely and longitudinally. The
probe was shifted from the healthy region to the
pressure injury area by navigating through the skin
around the wound. Subsequently, we analyzed an
image extracted from the ultrasound videos
showing the wound and the skin surrounding the
wound (Matsumoto et al., 2021).

Histology based Microscopically Scoring

Various methods have been developed to
assess wound healing clinically, one of them was
based on the histological state of the skin.
Histological assessment should involve the
fundamental aspects of wound healing such as
inflammation, angiogenesis, fibroplasia, and
connective tissue development.

One of the most common methods to analyze
various tissue healing or pathology at the
microscopic structural level is hematoxylin eosin
staining (Nurrahma et al., 2022; Mutiah et al., 2020,
Wardani et al.,, 2022; Pananchery & Gadgoli, 2021).
Histopathological staining using hematoxylin-eosin
(HE) is one of the most common analytical
methods. This gold standard has been employed for
assessing histology for over 100 years (Osman et
al., 2014). After being standard stained with HE, the
wound healing process can be evaluated by
respectively observing the re-epithelialization of
the epidermis layer through epithelial thickness HE
stains of wounded skin (Wardani et al, 2022;
Setiawati et al.,, 2021). Thus, the quality of wound
healing is also determined by inflammatory cell
penetration on the wounded area including
neutrophils,  basophils, and macrophages
(Pananchery & Gadgoli, 2021). Therefore, a semi-
quantitative scale was utilized, assigning scores
ranging from 0 to 4 based on characteristics related
to density, mitotic activity, and epithelial growth.
The parameters are based on re-epithelialization,
granulation, inflammatory cells, and angiogenesis.
Re-epithelialization ranks 4 on the score of 80%
epidermal remodeling. Granulation processes are
scored O to 4, in which the 4 presents a complete
80% tissue organization. Thus, the inflammatory
cells' existence at 0 scores refers to 13-15
inflammatory cells in each histological field. On the
other hand, 4 score refers to 1-4 cells per
inflammatory cell. Moreover, another important
parameter of the healing process is angiogenesis,
which is evaluated by counting vessels at each
histological site. The presence of 7 vessels per
vertical site of epithelial cells is given a maximum
score of 4, while the absence of blood vessels and
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the presence of hemorrhaged edema were
evaluated score of 0 (Theunissen et al., 2016).

The epidermis was evaluated using a
simplified 3-point scale, which depended on the
extent of rete ridge restoration. The assessment of
the papillary and reticular dermis involved
comparing them to normal skin, considering
factors such as collagen fiber alignment, density,
and maturity. It's worth noting that this scale,
known as the Histologic Assessment Scale, has been
previously validated and proven to be a
dependable and consistent tool for evaluating
human wounds histologically (Theunissen et al,
2016).

The utilization of computerized wound
image analysis represents an  objective,
reproducible, and precise approach for
interpreting both qualitative and quantitative
macro-morphological changes that occur in a
wound throughout the healing process. This
method involves converting computerized data
into images, facilitating the analysis, quantification,
and presentation of wound characteristics, thereby
significantly enhancing the reproducibility of
wound image assessments and their resulting data.
This approach offers a more comprehensive
evaluation compared to basic morphometric
measurements and is less reliant on subjective
judgment than traditional histopathologic scoring
systems. This review explains particularly
computerized methods for collagen orientation
analysis.

Analysis of collagen microstructure is of
critical importance in the study of wound healing,
as collagen alignment is one of the wound healing
assessments of skin tissue. Under a light
microscope, scientists focus on the dermis layer,
where granulation tissue resides. The critical factor
to evaluate is collagen fiber orientation. In normal
dermal tissue, collagen fibers exhibit a loose and
random arrangement, akin to a basket weave.
However, in cases of dermal scarring, the collagen
orientation appears flat within the dermis layer
(Figure 1) (Limandjaja et al, 2017; Zhou et al,
2019). Traditional methods for assessing collagen
density rely on subjective visual rankings by
trained raters, ranging from 0 to 4+ (Chlipala et al,
2020; Brianezi et al, 2020). Additionally, specific
immunohistochemical staining for COL-1 protein
provides valuable insights for evaluating the
wound healing process.
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Clemons, et al, (2018) employed coherence
image analysis to address subjectivity in assessing
collagen fibers within fibroblast cultures. They
quantitatively measured the degree of fiber
orientation.  Collagen was stained with
immunocytochemicals at the cellular level and
examined with fluorescence microscopy. The
Orientation] plugin in Image] was employed to
conduct additional analysis on the generated
fluorescence images (developed by Clemons et al.,
2018). According to Rezakhaniha et al. (2012),
Orientation] applies the structural tensor
approach per pixel in the spatial domain.
The alignment and sampling of thick, flat
collagen fibers at random, represent both normal,
healthy skin and skin with scars (Figure 4a).
In healthy skin, collagen orientation is evenly
distributed between -90° and 90°. However, in
scarred skin, the prominent orientations are -90°
and 90° This image-based qualitative analysis
can also be extended to other biological fibers,
including F-actin, microtubules, and vascular
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networks. Further advancements in fiber
analysis, particularly the TWOMBLI plugin
published by Wershof et al. (2021) enhance our
understanding of tissue damage matrix features
using Image].

Quantitative Analysis of Collagen Fiber
Scar Index Quantification

The collagen density, thickness, and
orientation of scars differ from those of the intact
dermis in several ways. As the main extracellular
matrix (ECM) protein in both healthy and damaged
skin, collagen has led to the development of many
assays to look at different aspects of its structure
(Clemons et al, 2018). A previous investigation
established the scar index by dividing the scar
surface area by the usual skin thickness around the
scar. Skin thickness, a sign of tissue regeneration, is
measured 50-700 pm away from the scar area,
(Figures 5a-5b) (Khorasani et al,, 2011). Instead of
using HE stains, Masson’s trichrome staining
method is employed to calculate the scar index.
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Adapted from Chen et al. (2017).

This method imparts a blue-green color to collagen
fibers when viewed under a light microscope
(Kanitakis, 2013). Its versatility extends to various
wound healing studies, pharmaceutical
evaluations, biomedical devices, and surgical
procedures (Djatumurti et al., 2021; Setiawati et al.,
2021).

Collagen Content Measurement Using Image]

In addition to HE staining, researchers have
employed alternative staining methods such as
Masson’s Trichrome and Picrosirius Red to assess
collagen content in tissue sections (Whittaker et al.,
1994; Chen et al, 2017; Benito-Martinez et al,
2022). Collagen content serves as an indicator not
only for skin healing but also for aging processes
and other pathophysiological changes in
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atherosclerotic lesions (Osman et al., 2014; Wersof
et al, 2021). A previous study evaluated collagen
content in wounded skin using the hydroxyproline
assay (Pananchery & Gadgoli, 2021).

In many comparative studies, the first step is
to use Image], an image-processing program
developed by the National Institutes of Health
(NIH) and the Laboratory for Optical and
Computational Instrumentation (LOCI) at the
University of Wisconsin (https://imagej.net/).
According to Schneider et al. (2012), Image | is an
open-source, 64-bit Java application designed
specifically as a plugin.

Assessing collagen content in skin tissue
using Masson's trichrome staining begins with
staining the skin tissue. The stained skin tissue
images were captured at a minimum resolution of
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640 x 280 pixels in 24-bit RGB and saved in Tagged
Image File Format (TIFF). To perform collagen
quantification, researchers follow these four steps.
The Masson trichrome-stained image of the skin is
first prepared by opening it in Image] software and
determining whether it should be in RGB format for
analysis (Figure 6). The Color Deconvolutions
Plugin is then used to process the RGB image
further in order to extract collagen bundles from
additional overlapping regions. During the
development of the color image, Masson’s tricolor
patch was developed into red, blue, and green
layers. In step 2 of Figure 6, the green layer was
detected as collagen fibers. Now focus on the green
layer, this should be thresholded to the identical
level for every sample compared in step 3. Last, we
analyzed the collagen content in the sample in step
4. In comparative studies, it is crucial to set the
scale for every image in Image]. During the process
of color deconvolution, images are captured using
consistent magnification levels and the same
instrument. This ensures uniform resolution for
each color channel. In our study, we acquired
images at a resolution of 2560 x 1920 pixels,
optimizing performance. The technique of color
deconvolution provides a rapid and convenient
approach for quantifying collagen content in
applied research. Researchers can express the data
on collagen fiber content either as an absolute
number or as a percentage of the total collagen
present.

Orientation] can draw vector fields and
exhibit directional analysis on fibers, but this does
not provide the quantification of whole matrix
patterns. Previous studies attempted a complicated
manual data analysis intervention to quantify
supplementary matrix metrics (Manning et al
2015; Rezakhaniha et al. 2012). Another image
analysis plug-in in Image] used to quantify fibrillar
structures is FibrilTool, which is based on the
concept of a nematic tensor providing a
quantitative description of fiber arrays and
orientation in cells. It has already been successfully
applied to cortical microtubules in plant cells and
cellulose microfibers. Thus, it may help to analyze
collagen fiber orientation in each region of interest
(ROI) with almost no smoothing needed
(Boudaoud et al. 2014).

Investigating a broad metrics range relating
to one aspect of ECM organization is a challenging
and time-consuming method. Therefore, to
quantify ECM patterns, an end-to-end pipeline that
is automated and easy to use is needed to be
applied to versatile data sets. Previous studies had
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created another macro plugin of image]; called
TWOMBLI standing for The Workflow of Matrix
Biology Informatics. This plugin quantifies matrix
patterns based on ECM images by acquiring arange
of metrics, which could be connected to the clinical
data if needed. TWOMBLI can produce reliable
metrics with, same as color deconvolution, must
follow common principles of image acquisition and
analysis parameters. It could provide a quantitative
framework for differentiating between different
ECM architectures. The multiple parameters of
fiber analysis with the TWOMBLI plugin were not
only isotropic and anisotropics, but also lacunarity,
fractal dimension, matrix density, and curvature
(Rezakhaniha et al. 2012).

CONCLUSION

Assessing the dermal layer's collagen fiber
content and alignment is essential for monitoring
the development of tissue regeneration and wound
healing. Collagen deposition in the dermal
granulation tissue exceeds the epidermal thickness
layer during the skin's healing process (Brianezi et
al, 2015). Traditionally, collagen fiber density
assessment relies on visual evaluation by trained
experts, using a subjective 0 to 4+ scoring system.
However, this method results in low precision and
significant subjectivity (Chipala et al., 2020). As a
result, in both laboratory and clinical settings,
determining quantitative markers for objectively
assessing collagen density and organization
remains a challenge. Furthermore, the alignment of
collagen fibers plays a crucial role in assessing
scarring potential. Limandjaja et al. (2017) and
Zhou et al. (2019) reveal that normal collagen
fibers exhibit a thick and random orientation,
whereas scar tissue displays thin and flattened
collagen fibers. Recent studies have explored
image-based analyses using popular free software
tools like Image]. For qualitative assessment, tools
like Orientation] and the recently developed
TWOMBLI Plugin prove useful. Meanwhile, the
Color Deconvolution Plugin accurately calculates
collagen content and density. These insights offer
promising avenues for reliable methods to assess
wound healing quantitatively and qualitatively.
Such approaches can be applied in drug delivery
studies aimed at enhancing wound healing
outcomes.
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