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Abstract

Fibrosis represents a relevant response to the implantation of biomaterials, which

occurs not only at the tissue–material interface (fibrotic encapsulation) but also within

the void fraction of complex three-dimensional (3D) biomaterial constructions (fibrotic

ingrowth). Usual evaluation of the biocompatibility mostly depicts fibrosis at the inter-

face of the biomaterial using semiquantitative scores. Here, the relations between

encapsulation and infiltrating fibrotic growth are poorly represented. Virtual pathology

and digital image analysis provide new strategies to assess fibrosis in a more differenti-

ated way. In this study, we adopted a method previously used to quantify fibrosis in

visceral organs to the quantification of fibrosis to 3D biomaterials. In a proof-of-

concept study, we transferred the “Collagen Proportionate Area” (CPA) analysis from

hepatology to the field of biomaterials. As one task of an experimental animal study,

we used CPA analysis to quantify the fibrotic ingrowth into a filamentous scaffold after

subcutaneous implantation. We were able to demonstrate that the application of the

CPA analysis is well suited as an additional fibrosis evaluation strategy for new bioma-

terial constructions. The CPA method can contribute to a better understanding of the

fibrotic interactions between 3D scaffolds and the host tissue responses.
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1 | INTRODUCTION

The pathogenesis of fibrosis plays not only a critical role in the tissue

response to acute or chronic organ damage, it is also important in the

field of tissue engineering (TE) and regenerative medicine. In this con-

text, fibrosis represents one part of the foreign body reaction to bio-

materials.1,2 The implantation of synthetic biomaterials induces a

multistep tissue response: the primary injury, caused by the implanta-

tion of a biomaterial, is followed by an inflammatory reaction, which

finally leads to a fibrotic encapsulation of the implants.1-3 Here, the

cellular, biochemical, and pathophysiological aspects of the fibrous tis-

sue response are complex and still not fully understood. Specifically in

the context of macroporous 3D biomaterial scaffolds, the fibrotic

reaction manifests not only on the surface around the entire scaffold

but also in the void space between the structural elements of the

scaffold. Recent technical developments in histopathological analytics

provide valuable tools for the morphometric analysis on digitalized

microscopic images. Digital slide scanners are routinely used and

working processes are widely accelerated and automated. The digitali-

zation of histopathological slides provides a range of new computer-

ized evaluation strategies for a quantitative analysis of fibrotic

reactions. Also, the histopathological evaluation of biomaterial-

induced fibrosis may benefit from this development. Tissue-

engineered products underlie continuous development. However,

these developments are in discrepancy to the development of appro-

priate evaluation tools.4,5

1.1 | Evaluation strategies for biomaterial induced
fibrosis

Until today, one of the most established methods for the histopatho-

logical evaluation of soft tissue reactions on implants is represented

by the international standard ISO 10993-6, an instrument that should

be understood as a continuously evolving document.4 This standard

determines evaluation procedures based on semiquantitative and

quantitative ratings. A semiquantitative scoring system classifies the

fibrous tissue response on a subcutaneously implanted biomaterial in

five categories (0, narrow band, moderately thick band, thick band,

and extensive band), while the rare quantitative rating systems of

fibrotic reactions are only based on the thickness of the fibrous cap-

sule around the implants.6 But the fibrotic reaction on macroporous

matrices, like decellularized grafts, freeze-dried scaffolds, microfiber

meshes or 3D-printed scaffolds, which are in use for cartilage and skin

TE, is not only characterized by an encapsulation at the implants sur-

face but also by the fibrotic ingrowth dependent of their complex 3D

geometry.7-9 During the implantation period, fibrogenic effector cells

migrate into the pores of 3D scaffolds and produce ECM proteins in

the void space of the biomaterial structural elements. This infiltrating

fibrotic growth is not adequately represented by the commonly used

analytical tools. Still semiquantitative assessments remain in use to

measure this fibrous tissue response on biomaterials.10-18 Although

practical to use, these methods show significant disadvantages: they

are in a way unspecific, subjective, lab-to-lab variable and not uni-

formly applicable to the diversity of existing biomaterial designs.4,5,19

It turns out that these biocompatibility assessments cannot account

for the rapidly growing variety of different tissue-engineered scaffold

designs. Important morphometric information about fibrotic shapes in

relation to the scaffold designs is not accounted for. The development

of the histopathological evaluation methods is lagging behind the

development of scaffold designs.4,5 Hence, several authors demand

for more sophisticated quantitative histopathological evaluation strat-

egies and biological tests.4,5,19,20 For example, in 2016, Anderson

et al. criticized that quantitative assays and statistical analysis are

rarely addressed in the fields of TE and regenerative medicine. They

called for new strategies to identify and specify tissue responses to

tissue-engineered scaffolds.4 Around the millennium, several experi-

mental studies in hepatology dealt with the comparison of semiquan-

titative scores and quantitative digital image analysis (DIA).21-30 As a

result, one of the most established methods to quantify liver fibrosis

today is the analysis of the “Collagen Proportionate Area” (CPA) in

digitalized micrographs of the liver specimens.28-39 As the term

reveals, this ratio describes the area proportion of collagen fibrils in a

defined image area. The collagen content is representative for the

extent of fibrosis.

1.2 | Aims and purposes of the study

The aim of the present proof-of-concept study was to assess the suit-

ability of CPA analysis for the quantitative evaluation of the fibrotic

ingrowth in the void space of structural elements of complex 3D

scaffold-based biomaterials subcutaneously implanted in pigs. In addi-

tion, we wanted to analyze the encapsulation of the scaffolds with

DIA and compare both DIA methods with corresponding semiquanti-

tative methods. With the present study, we want to contribute to the

development of new histopathological assessment strategies for novel

complex biomaterial designs. We present a new approach to assess

scaffold-induced fibrosis in a quantitative, semiautomatic manner.

Furthermore, we give a detailed description of the applied method to

make it transparent, comprehensible, repeatable, and reliable.

2 | MATERIALS AND METHODS

2.1 | Study design and biomaterial scaffolds

The histopathologic analyses were performed with explants from an

experimental animal study to evaluate different scaffold materials.

The animal experiment was authorized under the reference number

V3-2347-A-6-19-2013 in accordance with the European Guideline

Directive 90/385/EEC and the German provisions of the Animal Wel-

fare Act. In this study, four pigs were used to analyze novel synthetic

biomaterial scaffolds with respect to their soft tissue reactions. The

scaffolds were developed and provided by Polymedics (Polymedics

GmbH, Denkendorf, Germany). Geometrically, the scaffolds are
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composed of smooth filaments that form a complex randomly orga-

nized 3D macroporous network. In total, 16 filamentous scaffolds

were created and alphabetically named (scaffold A-P). In preparation

of their subcutaneous implantation, skin areas (=test fields) were

defined for each animal from cranial to caudal, bilateral, and para-

vertebral on their dorsal sites. The test fields measured 4 � 4 cm2.

The animals were premedicated with an intramuscular injection of

15 mg/kg ketamine, 0.25 mg/kg midazolam, and 0.4 mg/kg

azaperone. Then the animals were intubated and connected to a

mechanical ventilator. Vital signs were controlled with continuous

ECG- and SpO2-monitoring. Under proper anesthesia with a continu-

ous infusion of ketamine (10 mg/kg/h) and midazolam (0.5 mg/kg/h)

via peripheral vein, the animals received an operation procedure in

which subcutaneous pockets with a skin flap were prepared with scal-

pel, scissors, and tweezers. The filamentous fleeces (N = 16) were dis-

tributed and inserted into the subcutaneous implantation pockets

(one fleece per pocket). After implantation of the biomaterial, the sub-

cutaneous pockets were covered and sutured with the skin flaps.

Afterwards, the test fields were bandaged. During the observation

period, the animals received frequent dressing changes. On postoper-

ative day 25, the biomaterial scaffolds were completely excised with

an edge seam of surrounding skin tissue. The explants were immedi-

ately fixed in 4% buffered formalin solution.

2.2 | Sample preparation and histological staining

The explants of the animal experimental study were liberated from

bristles. Specimens were taken for histopathological analyses: one

from the center (Slide 1) and the other 10 mm peripheral from the

center of the skin fields (Slide 2). The samples were transferred

into embedding cassettes (Kabe Labortechnik GmbH, Nümbrecht-

Elsenroth, Germany), dehydrated, and embedded in paraffin in a

fully automated manner using a Tissue-Tek® VIP™ processor

(SAKURA® Finetek Germany GmbH, Staufen, Germany). Thereaf-

ter, the resulted paraffin blocs were cooled (QUICK COOL UNIT -

TKF 22, MEDITE GmbH, Burgdorf, Germany) and cut with the

rotary microtome HYDRAX M55 (Carl Zeiss Microimaging GmbH,

Jena, Germany) in 4-μm-thick sections. The sections were placed

on glass slides (Diagonal GmbH & Co. KG, Münster, Germany),

dried, and deparaffinized for 20 min at 61� with a heat device

(Heraeus Function Line B6, Thermo Scientific Heraeus Function

Line UB6, Thermo Scientific Heraeus Function Line B 6060,

Thermo Fisher Scientific GmbH, Dreieich, Germany). In prepara-

tion for the staining procedure, the sections were immersed for

3 � 5 min in Xylol (SAV Liquid Production GmbH, Flintsbach am

Inn, Germany) to wash out paraffin remnants, followed by rehydra-

tion in graded alcohol (SAV Liquid Production GmbH, Flintsbach

am Inn, Germany), and finally washed with distilled water. Sections

were stained with Masson–Goldner's trichrome staining, to differ-

entiate collagen fibers from the surrounding tissue. Masson–

Goldner's trichrome staining is widely used for the analysis of

fibrosis in organs and for the evaluation of the fibrotic response to

biomaterials.14,35,38,40-47 As a result of this procedure, collagen

fibers appear in a bright green color in bright field light microscopy,

which produces excellent contrast for analysis with digital image

quantification. Afterwards, the slides were processed to perma-

nent histological slides with Entellan (VWR International GmbH,

Darmstadt, Germany) in a Leica CV5030 fully automated glass

coverslipper (Leica Microsystems GmbH, Wetzlar, Germany). Thus,

in total 32 slides (N = 32) were created and analyzed.

2.3 | Slide digitalization and ROI definition

In accordance with modern digital pathology strategies, we based the

DIA on whole slide imaging.48 Therefore, all 32 Masson–Goldner's

trichrome-stained slides were digitized in one automated run with a

digital slide scanner (NanoZoomer 2.0 HT, Hamamatsu Photonics

Deutschland GmbH, Ammersee, Germany). The scanning process was

accomplished with the following settings: scanning method: time

delay integration; scanning resolution: 20�. These settings resulted in

high-quality image file (.ndpi-format) with a resolution of 456 nm per

pixel. The scans were examined with the compatible image viewing

software NDP.view 2 (Hamamatsu Photonics Deutschland GmbH,

Ammersee, Germany) regarding their image quality and scanning arti-

facts, which could influence the performance of our DIA. With an

overall orientation, we identified the typical histological stratification

and subdivisions of cutis and subcutis. All slides showed the structural

elements of the biomaterial scaffolds in the subcutaneous zone. This

biomaterial area was set as region of interest (ROI). Particularities, like

cutting artifacts, were excluded from the ROI. The “Export Image”
function of the NDP.view 2 software allows to create images in differ-

ent magnifications.

2.4 | Semiquantitative histopathological analysis

Semiquantitative analysis was performed by a trained investigator

with the help and supervision of an experienced pathologist. The

image sequences and the digitized slides that were also used for

the DIA served as the basis for the semiquantitative grading. The

investigator was trained with the help of some sample images and

was asked to examine the following parameters: (a) fibrotic encapsula-

tion around the whole scaffold and (b) fibrotic ingrowth in between

the structural elements of the scaffold. The examiner categorized the

fibrotic encapsulation and the fibrotic ingrowth according to the com-

mon histopathological scoring assessments.5,49 In this context, the

encapsulation has been graded according to an ordinal scale as fol-

lows: (0) no fibrous encapsulation, (1) minimal encapsulation, (2) mild

encapsulation, (3) moderate encapsulation, and (4) extensive encapsu-

lation. The fibrotic ingrowth was also classified according to an ordinal

scale: (0) absent, (1) minimal, narrow band, 1–2 cell layers thick,

(2) thin, localized band, <10 cell layers thick, (3) moderately thick, con-

tiguous band along the length of tissue, (4) extensive, thick zone with

effacement of local architecture.
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2.5 | Quantitative histopathological analysis
with DIA

2.5.1 | CPA analysis

We performed computer-assisted, semiautomatic CPA analysis with

the open-source image analysis software, ImageJ (version 1.49,

National Institutes of Health), which is widely used for fibrosis quanti-

fication and, as a public domain, it is widely accessible.30,50-53 In each

slide, 10 images in 100� magnification were randomly selected from

the ROI and exported as .jpeg data. Each image had a sample area of

0.866 mm2 with a resolution of 1368 � 768 pixels. The images

(320 in total) form the basis of the CPA analysis. ImageJ provides a

function to process several images at once. Thus, we could import all

images of each slide as a series (N = 10) with the “File - Import -

Image sequence” path. Then, we used the “Color threshold” function

to mark the green-stained collagen fibers in the images. Regarding

this, we used the following settings: Thresholding method: “Default,”
Threshold color: “Black,” Color space: “HSB.” The parameters “Hue,”
“Saturation,” and “Brightness” were adjusted for each image

sequence to capture only the collagenous fibers that appeared in

bright green. The “stack”-bottom allowed to employ the settings on

all imported images. Subsequently, the images were converted into

8-bit images. Next, we used the “Threshold” function of the software

with the following settings: “Default,” “B&W,” (black and white) and

set both scale bars to zero. As a result, binarized black and white

images were created, in which the previously marked collagen fibers

remain black and the background is set to white (Figure 1). To opti-

mize the detection of the collagen fibers, all black and white images

were compared with the original colored images. If necessary, manual

corrections were performed, using the white “Pencil” tool to eliminate

incorrect segmentations. Afterwards, the settings for measurement

were defined. The “Area” and the “Area fraction” of each converted

image were calculated, yielding the collagen area fraction based on

the number of black pixels in relation to the total amount of pixels in

each image. Thus, CPA values represent the area fraction of collage-

nous fibers in the total area of an image. CPA values of all processed

images are provided as percentages in a results table and can easily be

exported for further statistical analysis. The quantitative character of

CPA values is defined by a metric scale on a rational-scale level with a

range from 0% to 100%.

2.5.2 | Fibrous capsule thickness measurements

We used NDP.view 2 software (Hamamatsu Photonics Deutschland

GmbH, Ammersee, Germany) to determine the thickness of the

fibrous capsule around the scaffolds. The software provides a ruler

F IGURE 1 The image sequence
shows the single steps of image
processing of the collagen
proportionate area (CPA) method for
the detection and segmentation of the
fibrotic ingrowth. (1) Original
histologic image in Masson–Goldner's
trichrome staining, 100-fold
magnification. Recognize the filaments

of the biomaterial scaffold and the
collagen fibers, which appear in bright
green. (2) The “Color Threshold”
function allows to depict the collagen
fibers and marks them black. (3) After
conversion to an 8-bit version, the
image appears in grayscale. (4) The
threshold function allows for
binarization of the image. The CPA
previously marked in black pixels can
be calculated. Thus, CPA values
describe the percentage of the area of
collagen fibers in the total area of an
image
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tool, which allows us to measure distances in μm. We defined

10 measure points for each slide—5 points superficial and 5 points

underneath the biomaterial. At each point, we measured the dis-

tance of the collagen layers between the scaffold and the sur-

rounding subcutaneous fat cells. The measurements were

performed perpendicular to the long axis through the scaffold. To

find the exact boundary layers between the scaffold and the

fibrous capsule, as well as the fibrous capsule and the subcutane-

ous fat cells, we managed this process in 200-fold magnification

(Figure 2). Statistically, the quantitative character of fibrous cap-

sule thickness (FCT) values is defined by a metric scale on a

rational-scale level with a range from 0 μm to infinite μm.

F IGURE 2 Measurement
procedure of fibrous capsule thickness
(delineated by red lines). The triangle
marks the subcutaneous fat cells (black
triangle) that form the outer border of
the capsule. Note the parallel
orientation of the collagenous fibers
around the surface of the biomaterial
filaments (black star) in contrast to the
tortuous course of the collagenous

fibers within the void space of the
scaffold. Masson–Goldner's trichrome
staining, 200-fold magnification

TABLE 1 Results of the quantitative and semiquantitative evaluations of the fibrotic ingrowth in the void space on macroporous filamentous
biomaterial scaffolds

Fibrotic ingrowth

Slide 1 Slide 2

Scaffold ID Quantitative analysis CPA (%) Semiquantitative score Quantitative analysis CPA (%) Semiquantitative score

A 29.65 (25.25 – 33.14) 2 19.18 (17.08 – 22.96) 2

B 16.70 (14.39 – 25.28) 3 8.75 (3.70 – 14.02) 2

C 16.67 (8.37 – 22.82) 3 32.05 (22.99 – 38.88) 2

D 32.20 (17.38 – 50.33) 3 13.65 (10.93 – 21.45) 2

E 29.92 (21.51 – 42.46) 4 22.94 (14.44 – 32.58) 4

F 17.53 (13.43 – 18.97) 3 20.31 (15.95 – 23.11) 2

G 13.00 (10.13 – 18.32) 2 22.00 (10.28 – 27.53) 3

H 14.39 (8.86 – 18.93) 2 11.97 (10.62 – 16.40) 2

I 11.98 (7.25 – 29.00) 2 20.53 (14.18 – 24.41) 2

J 11.02 (5.70 – 19.22) 2 7.56 (4.52 – 9.00) 2

K 12.12 (5.79 – 21.94) 2 11.05 (7.64 – 18.75) 2

L 27.61 (19.74 – 49.41) 3 20.05 (13.94 – 30.92) 3

M 15.22 (12.75 – 25.43) 2 14.27 (11.24 – 18.66) 2

N 19.08 (12.59 – 20.64) 2 9.84 (7.81 – 13.48) 2

O 18.82 (8.98 – 25.99) 4 27.85 (18.01 – 46.14) 4

P 8.37 (4.26 – 13.47) 2 8.49 (4.95 – 18.56) 2

Note: CPA values represent the area fraction of collagenous fibers (in %) in a defined total area of an image from the ROI. The CPA measurements of 10

images were included in each CPA data set. The data are metrically scaled on a rational scale level from 0% to 100%. The values are presented as medians

and interquartile ranges for each slide according the corresponding scaffold. The corresponding semiquantitative ratings of the fibrotic ingrowth of the

scaffolds are categorized at an ordinal scale level: (0) absent fibrosis, (1) minimal, narrow band, 1–2 cell layers thick, (2) thin, localized band, <10 cell layers

thick, (3) moderately thick, contiguous band along length of tissue, and (4) extensive, thick zone with effacement of local architecture.
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2.6 | Statistical analysis

Statistical analysis was performed using the statistical software IBM

SPSS Statistics (version 25.0, IBM Deutschland GmbH, Ehningen, Ger-

many). Regarding the animal study design and the histological

processing, 32 slides (N = 32) were created and 10 CPA and 10 FCT

values were collected per slide. The data sets for each quantitative

fibrosis evaluation method (CPA and FCT) were examined regarding

their distribution with one-sample Kolmogorov–Smirnov test with sig-

nificance levels of p < .05. Here, the asymptotic significance (2-sided)

was Lillifors corrected. Because most data sets possessed skewness of

the data distribution, the results are presented as medians and inter-

quartile ranges. The biomaterial scaffolds (A-P) were compared

according to the slide group using the independent-samples Kruskal–

Wallis test with a significance level of p < .05. Furthermore, bivariate

correlations were performed between the slide-specific median values

of CPA, FCT, and the corresponding semiquantitative scores using

Spearman's rank coefficient with significance levels of p < .01.

3 | RESULTS

During the subcutaneous implantation period, all scaffolds induced a

fibrotic host response. Histologically, this reaction was characterized

by the formation of a fibrous capsule around the implants surface in

to and by a fibrotic growth into the void space of the macroporous

scaffold structure. The fibrotic capsule was formed by multiple colla-

gen layers with parallel orientation around the surface of the whole

scaffold. In contrast to the fibrous encapsulation, the organization of

collagen bundles within the void space of the filament scaffold, rep-

resenting the fibrotic ingrowth, was complex with a tortuous and con-

volved architecture in between the filaments of the scaffolds

(Figure 1). Under qualitative aspects, all prepared slides were suitable

for DIA. CPA values were measured for the fibrotic ingrowth, as well

as FCT values of the fibrotic encapsulation in each slide. The results

of our applied methods for fibrosis evaluation are presented in tables

and graphs in comparison between each slide of the 16 filamentous

scaffolds (scaffolds A-P). Kolmogorov–Smirnov test revealed a left-

leaning skewed data distribution with an asymptotic significance of

p < .001 in most of our data sets (Lilliefors corrected). The semiquanti-

tative histopathological scoring rated the fibrotic ingrowth of the scaf-

folds with values from minimum 2 to maximum 4 (Table 1). The

semiquantitative evaluation of the encapsulation of the scaffolds rev-

ealed the values from minimum 1 to maximum 4 (Table 2).

Regarding the quantitative analyses, the median thickness of the

fibrotic capsules and the median CPA values differed in between

the scaffolds according to the slide group (Figures 3 and 4). In slide

group 1, Kruskal–Wallis testing revealed an unequal data distribution

TABLE 2 Results of the quantitative and semiquantitative evaluations of the fibrotic encapsulation around macroporous filamentous
biomaterial scaffolds

Fibrotic encapsulation

Slide group 1 Slide group 2

Scaffold ID Quantitative analysis FCT (μm) Semiquantitative score Quantitative analysis FCT (μm) Semiquantitative score

A 172.00 (74.98 – 233.25) 2 27.50 (24.40 – 52.33) 1

B 121.50 (41.85 – 213.25) 3 80.70 (25.98 – 180.75) 2

C 47.50 (24.43 – 107.55) 2 119.50 (62.70 – 183.75) 2

D 180.00 (106.38 – 249.50) 3 75.00 (25.48 – 111.43) 2

E 1460.00 (626.25 – 1860.00) 4 571.50 (279.25 – 755.00) 4

F 121.50 (66.03 – 155.00) 3 152.00 (91.43 – 267.50) 3

G 83.40 (48.63 – 121.68) 3 241.50 (50.08 – 377.25) 3

H 81.50 (56.50 – 150.75) 2 29.05 (22.50 – 80.88) 1

I 100.95 (64.65 – 203.25) 4 89.20 (31.55 – 271.00) 2

J 123.00 (57.48 – 167.00) 3 137.50 (44.25 – 357.75) 2

K 72.80 (42.33 – 130.48) 2 230.00 (127.18 – 640.25) 3

L 214.80 (148.65 – 603.25) 4 224.50 (40.70 – 411.25) 3

M 187.50 (85.40 – 298.25) 3 126.50 (74.98 – 188.00) 2

N 168.50 (92.40 – 340.50) 3 194.50 (84.88 – 333.00) 2

O 124.05 (74.68 – 452.75) 4 487.00 (64.53 – 1100.00) 4

P 68.90 (50.68 – 187.00) 3 89.00 (32.35 – 439.25) 3

Note: Fibrous capsule thickness (FCT) values represent the thickness of the fibrous capsule (in μm), which was measured at 10 locations around each

scaffold with a digital ruler tool provided by the slidescanner software. The data are metrically scaled on a rational scale level from 0 μm to infinite μm. The

values are presented as medians and interquartile ranges for each slide according the corresponding scaffold. The corresponding semiquantitative ratings

are categorized at an ordinal scale level: (0) no fibrous encapsulation, (1) minimal encapsulation, (2) mild encapsulation, (3) moderate encapsulation, and (4)

extensive encapsulation.

6 BARSCH ET AL.



of the CPA values across the scaffolds (p < .001). This also applies to

slide group 2 (p < .001). The Kruskal–Wallis test also revealed that

FCT data are unequally distributed across the scaffolds in both slide

group 1 (p < .001) and slide group 2 (p < .001). The quantitative

analyzation of median CPA values ranged between minimum 7.56%

(Scaffold J, slide 2) to maximum 32.20% (Scaffold D, slide 1). Median

FCT values ranged between minimum 27.50 μm (Scaffold A, slide 2)

to maximum 1460.00 μm (Scaffold E, slide 1).

F IGURE 3 The box plot diagram presents the results of the quantitative data collection of the collagen proportionate area (CPA)
measurements of each slide according to the scaffolds

F IGURE 4 The box plot diagram presents the results of the quantitative data collection of the fibrous capsule thickness (FCT) measurements
of each slide according to the scaffolds
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The comparison of the semiquantitative analysis method with the

quantitative DIA methods revealed significant bivariate correlations

(Figure 5). Spearman's rank correlation between median CPA values

and semiquantitative fibrotic ingrowth ratings of each slide detected

the following results: CPA analysis correlated significantly with semi-

quantitative fibrotic ingrowth scores (r = 0.568, p = .001) at a signifi-

cance level of p < .01 (two-tailed). Spearman's rank correlation

between median FCT values and semiquantitative encapsulation rat-

ings of the slides also detected a significant correlation (r = 0.605,

p < .001) at a significance level of p < .01 (two-tailed).

4 | DISCUSSION

It is well known that physical and chemical characteristics of a bioma-

terial can influence the cell behavior and tissue responses of the for-

eign body reaction against biomaterials.54-58 In TE research, great

efforts have been made to take advantage of this and develop new

biomaterials to achieve different goals, regarding their respective

application fields. For example, in skin TE, one goal is to minimize the

scar formation during wound healing.59 Another aim for scaffold-

based skin substitutes is to reach a good attachment and incorpora-

tion of the matrix to guarantee the repopulation of host cells and the

replacement and remodeling of the ECM.60 To check whether bioma-

terials reach the defined goals, semiquantitative histopathologic evalu-

ation strategies are useful to examine the biomaterial-induced

fibrosis. Unfortunately, a semiquantitative scoring system does not

reflect very detailed and differentiated information about the

biomaterial-induced fibrosis. Specifically in macroporous scaffolds,

the fibrosis reaction presents itself in at least two different growth

patterns. On the one hand, there is a fibrous encapsulation around the

entire scaffold. On the other hand, there is a fibrotic ingrowth of colla-

gen fibers into the scaffold interstices. In this context, the

encapsulation and the fibrotic ingrowth may vary between different

biomaterial designs. Moreover, slight changes of fibrotic extend during

observation periods or small differences between biomaterials are not

adequately reflected. Therefore, in preparation of histopathological

analysis, we studied several quantitative evaluation methods for fibro-

sis in the literature. Although we found several references, that ana-

lyzed fibrotic reactions in different organs, quantitative assessments

for biomaterial-induced fibrosis were very rare. Furthermore, the evi-

dence on the histopathological quantification of the fibrous tissue

response on 3D scaffold-based biomaterials is extremely insufficient.

However, differentiated strategies for fibrosis evaluation for tissue-

engineered scaffolds are demanded and necessary, especially because

the variety of designs and their implementations are rising.4,5,19,20 This

proof-of-concept study demonstrates that DIA methods are helpful to

obtain objective data on the fibrotic reaction to complex 3D biomate-

rial scaffold designs. As DIA methods are known to be powerful

methods to quantify organ fibrosis, we applied CPA analysis, which is

mainly known from liver cirrhosis research, to quantify the fibrotic

ingrowth response on 3D synthetic biomaterial scaffolds.28,53 Mean-

while, CPA analysis is often in use to evaluate fibrosis in several other

organs. Subsequently, there are many processing differences among a

multitude of CPA procedures. Unfortunately, in numerous descrip-

tions of the CPA measurements, the exact process of image

processing and image analysis remained a black box. In this report, we

provide a detailed step-by-step instruction for CPA to quantify fibro-

sis in response to complex 3D biomaterials after implantation. In anal-

ogy to other CPA strategies, we segmented and analyzed the fibrotic

reaction based on the occurrence of collagen fibers, as they represent

the main content of fibrotic tissue.53,61 Collagen fibers are favorable

F IGURE 5 The scatter plots show the results of the bivariate correlations (Spearman) between (1) quantitative collagen proportionate area
(CPA) measurements and semiquantitative fibrotic ingrowth ratings and (2) quantitative fibrous capsule thickness (FCT) measurements and
semiquantitative fibrotic encapsulation ratings
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to stain and there are several staining methods that are in use for DIA.

Histochemical staining methods as well as immunohistochemical

staining methods are described in the literature.55,62-64 The histo-

chemical staining methods mainly concentrated on Picro-Sirius Red

and Masson's trichrome staining methods.14,29,31-38,40,41,43-47,65-70 In

this context, Picro-Sirius Red staining was mostly performed to evalu-

ate organ fibrosis while Masson's trichrome stainings were commonly

used to measure biomaterial-induced fibrosis. Schipke et al. assessed

which staining method would be more beneficial for collagen evalua-

tion with the help of DIA, demonstrating that both histochemical

staining methods reveal equal results.42 Based on the pathophysiolog-

ical considerations of fibrosis, it is plausible that fibrotic effector cells

produce a specific fibrotic microenvironment around and within a 3D

macroporous scaffold. By measuring the CPA and FCT values, we

quantitatively evaluated two fibrosis responses associated with for-

eign body reactions of 3D scaffolds in vivo: fibrotic encapsulation and

fibrotic ingrowth. With respect to the quantitative measurements of

these reactions, we compared the CPA analysis and FCT measure-

ments with established semiquantitative methods for biomaterial-

induced fibrosis. The quantitative fibrosis analysis methods correlated

significantly with the corresponding semiquantitative scores. Thus, it

could be demonstrated that DIA methods of fibrotic ingrowth and

fibrotic encapsulation also conform to the conventional semiquantita-

tive ratings and reflect the degree of fibrosis appropriately. Moreover,

the CPA method will be a promising and valuable tool for the quanti-

tative assessment of the fibrotic response against complex

macroporous scaffold designs and will further our understanding of

the effect of biomaterial geometry on the distribution of fibrosis

responses between fibrotic encapsulation and fibrotic ingrowth. Simi-

lar to the semiquantitative evaluation, the DIA methods were able to

show that the degree of the fibrotic reaction differed in between the

scaffolds. Here, the pathophysiologic implications of the other pro-

cesses of the foreign body reaction may play an important role. For

instance, the fibrous reaction is known to be influenced by the inflam-

matory reaction.1,2 In this context, the excessive capsule thickness in

Scaffold E is possibly associated with a significantly stronger inflam-

matory reaction than the other scaffolds. However, further consider-

ation of the foreign body reactions should not be the subject of this

investigation but will be addressed in an ongoing project. With

this work, the focus should be on the description of the method for

quantitative evaluation strategies for fibrosis. It turned out that the

CPA method is practicable, compatible with open source software and

easy to learn and to manage. The measurements of the CPA values

could detect even small differences in the extent of fibrotic ingrowth.

One of the advantages is that the “Color Threshold” function of

ImageJ can be adapted to color intensities or other colors and, thus, is

theoretically compatible with several histochemical stainings. In the

present study, we used Masson–Goldner's trichrome staining to stay

in line with the common histopathological strategies for biomaterial-

induced fibrosis. Moreover, the staining is widely available, easy to

process, compatible with the slide scanner, and finally applicable for

all analyses, the quantitative CPA and the FCT measurements, and the

semiquantitative scorings. Our protocol is oriented by previously

described procedures.6,53,71 Nevertheless, we performed little modifi-

cations to adapt the methods on the size of our sections. For the FCT

measurements, for example, we defined more locations around the

surface of the implants and for the CPA analysis, we took more

images than described in our references. In accordance with other

reports, the images for CPA analysis were taken in 100-fold magnifi-

cation to encircle a wide and representative sample area.21,53 Despite

these settings, the area per image was slightly smaller than 1 mm2.

This could depict a limitation of the method, which is based on the

image tool of the used slidescanner software and unfortunately could

not be extended. We further addressed the question, which DIA soft-

ware would be compatible to the slide-scanner images and could also

be suitable for the CPA measurements. In times of digital pathology

and whole slide imaging, the market provides numerous DIA software

techniques.72 Within this diversity, we decided to use ImageJ,

because it is license free and available for everyone. A disadvantage

of this software was its semiautomated character. Even though we

could process a whole image sequence (N = 10) with the threshold

function at once, theoretically much larger image data sets could be

processed at once. Unfortunately, imprecise markings needed manual

editing to be done, yielding a semiautomated segmentation process,

thus resulting in a more time-consuming process compared with the

semiquantitative measurements. The authors also criticize

semiautomated procedures because often the exact processes and

setting calibrations are incomprehensible, which can make these

methods unreliable.42 That is why we presented the individual image

processing steps in Section 2 as detailed as possible. However, so far

it remains unclear whether semiautomated or fully automated strate-

gies will be more advantageous or which software or staining method

will prevail in the future evaluation of biomaterial-induced fibrosis. In

relation to the actual missing diversity of fibrosis evaluation strategies

for scaffold-based biomaterials, the implementation of new methods

seems to be overdue. In this context, it is of special interest whether

CPA analysis could range as a valuable parameter for future biocom-

patibility ratings. On the one hand, the method has quantitative char-

acter, produces objective data, and is therefore more accurate to

detect even small differences and changes in fibrous reactions. Fur-

thermore, it reveals additional information regarding the overall

fibrotic reaction in relation to the architecture of complex 3D

macroporous scaffolds. On the other hand, the collected CPA values

do not account for detailed geometric and morphometric information

about the fibrotic growth patterns in between the scaffolds. The

transfer of this knowledge in the field of biomaterials would yield a

further insight in the interactions between scaffolds and tissue inter-

actions. This transfer would open new perspectives in our under-

standing of how a scaffold should be designed to influence the

fibrotic growth in a desired way. In this context, future digital fibrosis

analysis methods should also consider collagen polymorphism, colla-

gen fibers directionality, and anisotropy to detect new relationships

between fibrotic growth patterns and biomaterial scaffold architec-

tures. Subsequently, an extension to 3D evaluation strategies should

be taken into account, as it was already done in the fields of liver cir-

rhosis.66,73,74 Finally, the present report should promote further
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progress in new fibrosis evaluation strategies in the fields of TE and

biomaterial research.

5 | CONCLUSION

In the present “proof-of-concept” study, we implemented the CPA

method from hepatology into the field of biomaterials, and thus we

quantitatively analyzed filament-based macroporous scaffolds regard-

ing their fibrotic ingrowth reaction. The present findings revealed this

fibrous reaction in a highly differentiated way. Furthermore, we quan-

tified the fibrotic encapsulation with DIA and compared our described

methods with the commonly used semiquantitative scorings. It could

be demonstrated that the DIA (CPA and FCT) correlated significantly

with the corresponding semiquantitative methods. In this context,

CPA analysis could contribute to a more detailed understanding of the

fibrous reactions on 3D scaffold-based biomaterials.
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