
Abstract. Both preclinical in vivo experiments and clinical
trials are indispensable for analysis of tissue reactions in
evaluating the compatibility of biomaterials or medical
devices, i.e. the cell types interacting with the material,
integration or degradation behavior, implant bed
vascularization and immunological response. In particular,
both the histological workup (including the processes such as
embedding, cutting, histochemical and immunohistochemical
staining methods), as well as qualitative and quantitative
analysis are crucial steps enabling the final evaluation of
biocompatibility. We present a short overview of the most
important steps of the different workup and analytical methods
used in preclinical and clinical biopsies for both novice and
experienced researchers in the field of biomaterial science.

A broad variety of biomaterials is on the market and in daily
clinical use. Moreover, many different materials are under
development or in the process of authorization. Already
available materials need clinical follow-up analyses of their
efficacy in post market surveillance. In contrast, analyses of
both the biocompatibility and the mode of action of precursor
materials have to be conducted during the development
process and especially prior to their market introduction.

In this context, the histological analysis of tissue explants
and biopsies is still of enormous importance, even in the case
of implantable biomaterials such as bone substitutes or
collagen-based materials, due to the limited possibilities to
analyze their interactions with the organism and their
regenerative capacities in the case of other analytical
methods such as micro-computed tomography (1). Moreover,
an analysis of their mechanisms of (cellular) degradation is
also of special importance as it is most often directly
associated with their biological or regenerative functionality. 

Different tissue reactions and degradation patterns have
already been shown for both bone substitutes or collagen-
based materials, indicating their different clinical use for
various indications (2-5). This varying resorption behavior
may result from different physicochemical material
characteristics due to the broad spectrum of purification
processes in the case of natural materials or synthesis
processes in the case of synthetic materials (3, 6, 7). In this
context, it is already well known that every biomaterial
induces an inflammatory response and inflammatory tissue
response cascade, the so-called ‘foreign body’ reaction to
biomaterials (7-10). This process is extremely specific for each
biomaterial because it depends on its respective
physicochemical characteristics which interact in different
ways with the components of the immune system (7). In this
inflammatory cascade, macrophages are key cellular
components because they regulate different processes in the
implantation bed (7-10). Moreover, their fused end stage, the
multinucleated giant cell (MNGC), is sometimes found within
the implantation beds of biomaterials (7-10). Both
macrophages and MNGCs express pro- and anti-inflammatory
molecules, such as vascular endothelial growth factor (VEGF)
and heme oxygenase, which have major influence on
vascularization of the implant bed of a bone substitute material
(8, 11). Vascularization is a key factor for bone-tissue
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regeneration and osteoconduction; thus, the inflammatory
response to a material is connected with the bone-healing
process and other various pathways (8, 9) . For example, the
inflammatory reaction is also related to the process of
biomaterial degradation as both macrophages and MNGCs are
mainly involved in material phagocytosis (3, 8, 9).

Further development in the field of biomaterials is
necessary to create materials that are more adaptive to the
respective (micro-) milieu. Preclinical and clinical studies
most often require evaluation of the three different processes:
Regenerative effects of biomaterials, analysis of the material-
specific inflammatory tissue response, and analysis of
material degradation. Starting with the histological workup
(including processes such as embedding, cutting,
histochemical and immunohistochemical staining methods),
as well as qualitative and quantitative analytical methods, the
different methodologies are used in crucial steps which
enable the final evaluation of the biocompatibility of a
biomaterial. Here we give a short overview of the most
important steps of the different workup and analytical
methods of preclinical and clinical biopsies. Bone substitute
materials are used as example materials.

(Pre-) treatment of Biopsies

The first vital step is the fixation of tissue samples, which
prevents autolysis or putrefaction (12-14). It is important to
determine which components within a biopsy will be
analyzed because this affects the choice of the fixation
reagent. The fixation process must terminate biochemical
reactions within the tissue sample while preserving the cells
or tissues in as close as possible to their natural state (12-
14). Different fixation techniques exist for further detection
of respective tissue components (12, 13) (Table I).

The most common fixative used in histology is
formaldehyde, which is normally used as neutral buffered
formalin, i.e. 3.7-4.0% formaldehyde in phosphate-buffered
saline (12, 13). Formaldehyde fixes tissue via cross-linking
of proteins, which may lead to issues with further detection
of epitopes via immunohistochemistry (13). This process can
mostly be reversed using a simple water treatment. Special
retrieval methods, such as ultrasonic, enzymatic, or heat
treatments, among others, can also be applied to restore the
natural state of epitopes (12, 13). In general, using
formaldehyde allows for good fixation of the tissue sample
and for the use of many stains in the field of bone
regeneration. For tissue specimens that are to undergo
immunohistochemical staining, different special fixative
solutions are available, which might be more favorable as no
treatment due to cross-linking processes is necessary for
immunohistochemistry (12, 13, 15). 

After this initial fixation step, the embedding technique is
important for the sectioning of tissue samples. The hardness

of the tissue dictates the embedding technique because the
embedding medium should optimally have the same or
similar hardness as the specimen to enable sectioning. In
general, for soft-tissue samples including biomaterials such
as collagen membranes, paraffin embedding is the best
choice. Once fixed, tissue needs to be processed using gentle
agitation, usually on a tissue processor (Figure 1A), for
around 17 h as detailed in Table II. 

Other different tissue-processing protocols are described (16,
17), and their use and duration is dependent on the size of the
biopsy that needs to be completely saturated by the agents or
by the tissue type. Furthermore, the choice of the tissue-
processing protocol is dependent on the subsequent staining
procedure. This means that special staining methods such as
some immunohistochemical staining methods or special
staining techniques such as colloidal gold cytochemistry also
require specialized processing techniques (18).

Afterwards, embedding of a biopsy can be undertaken.
Tissues have to be embedded in a harder medium both as a
support and to allow the cutting of thin tissue slices. The
choice of the embedding medium depends on the type of
tissue and at least also on the type of microtomy. Paraffin is
the most commonly used embedding medium in
histopathology. However, for cutting of hard tissue samples,
including hard materials such as bone substitutes or metal-
based materials, embedding in plastic is a further option.
Both methods are described below.

Paraffin wax. The waxes used for histological preparation
are mixtures of purified paraffin wax and various additives
such as resins. Different wax formulations allow for different
types of embedding, depending on the properties of the
respective biopsy sample (19). The optimal wax formulation
should possess physical properties comparable to those of
embedded tissue or biomaterial (19).

Paraffin wax is usually a mixture of straight-chain or n-
alkanes with a carbon chain length of between 20 and 40. The
wax is a solid at room temperature but has melting points at
different temperatures, the most common for histological use
being about 56-58˚C. The traditional advice with paraffin wax
is to use it at about 2˚C above its melting point. 
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Table I. Different fixatives and related target structures.

Fixation method Target structure
Neutral buffered formalin, paraformaldehyde Proteins
Frozen sections Enzymes
Frozen sections, glutaraldehyde Lipids
Alcoholic fixatives, HOPE fixation Nucleic acids
Frozen sections Polysaccharides
Bouin solution, neutral buffered formalin Biogenic amines

HOPE: HEPES-glutamic acid buffer-mediated organic solvent protection
effect.



The paraffin-embedding process should be conducted as
follows and optimally an embedding station (Figure 1B) is
used. 

i. Open the cassette to view the tissue sample and choose
a mold that best corresponds to the size of the tissue. A
margin of at least 2 mm of paraffin surrounding all sides of
the tissue gives the best cutting support. Discard the cassette
lid.

ii. Put a small amount of molten paraffin in the mold,
dispensing from the paraffin reservoir.

iii. Using warm forceps, transfer the tissue into the mold,
placing the cut side down, as it was placed in the cassette.

iv. Transfer the mold to a cold plate, and gently press the
tissue flat. Paraffin will solidify in a thin layer which holds
the tissue in position.

v. When the tissue is in the desired orientation add the labeled
tissue cassette on top of the mold as a backing. Press firmly.

vi. Hot paraffin is added to the mold from the paraffin
dispenser. Be sure there is enough paraffin to cover the face
of the plastic cassette.

vii. If necessary, fill the cassette with paraffin while
cooling, keeping the mold full until solid.

viii. When the wax is completely cooled and hardened (30
min) the paraffin block can easily be popped out of the mold;
the wax blocks should not stick. 

One of the enormous advantages of paraffin embedding is
its maximum of flexibility as it allows to simply melt the
tissue block again and start over if the wax cracks or the
biopsy is not aligned well.

Moreover, paraffin embedding is also an option for
biopsies of hard tissue because an initial decalcification
process can also allow for sectioning of hard tissue samples
or samples including bone substitute materials (14, 20).
However, most often the bone substitute material is eluted
during the decalcification process. In most cases, the tissue
interface at the surfaces of former bone substitute material
can be histologically examined. Three main types of
decalcifying agents are used: (a) Strong mineral acids, (b)
weaker organic acids, or (c) chelating agents (18). Strong
acids, such as hydrochloric or nitric acid, provide the most
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Figure 1. Exemplary images of a tissue processor (A) and a paraffin embedding station (B).

Table II. Standard tissue processing protocol.

Chemical substance Duration

70% Ethanol 1 h
70% Ethanol 1 h
80% Ethanol 1 h
95% Ethanol 1 h
100% Ethanol 1.5 h
100% Ethanol 1.5 h
100% Ethanol 1.5 h
Xylene or xylene substitute 1.5 h
Xylene or xylene substitute 1.5 h
Xylene or xylene substitute 1.5 h
Paraffin wax (58-60˚C) 2 h
Paraffin wax (58-60˚C) 2 h
Total 17 h



rapid methods; however, these decalcifiers must be used
carefully to prevent tissue damage that may interfere with
immunohistochemical detection (20). Decalcifiers based on
weak acids, such as formic acid or trichloroacetic acid, can
be directly combined with formalin (20). Their application
leads to slower decalcification compared with agents based
on strong acids but reduces tissue damage (20). Decalcifiers
based on chelating agents, such as ethylenediaminetetra-
acetic acid (EDTA), are preferable because they decalcify via
capturing calcium ions from both bone tissue and bone
substitutes (15). EDTA allows for mild decalcification of
biopsies without damaging the tissue (20). However, using
this medium requires a considerable amount of time, i.e.
weeks to months, for sufficient decalcification. 

Plastic embedding. In contrast, for hard tissue samples,
including hard materials such as bone substitutes or metal-
based materials, embedding in plastic is preferable; this can
maintain harder biomaterials such as bone substitutes within
the subsequent histological slides. Epoxy and acrylic resins
are usable as embedding media. However, before the hard
tissue samples are prepared for plastic embedding it must be
decided which kind of plastic is suitable for the planned
analysis and especially for the proposed staining techniques.
This is because not every plastic embedding medium allows

for immunohistochemical staining or the possibilities for
immunohistochemical detection are restricted. In this
context, methylmethacrylate (MMA) embedding of
undecalcified bone biopsies is a technique widely used for
bone histomorphometry. However, conventional MMA
embedding causes almost complete loss of enzymatic activity
and protein antigenicity in tissue samples. Thus, this method
is well suited for later histochemical staining, but different
antibodies may not work properly after MMA embedding. 

Different workarounds or enhancements have been
described for MMA embedding which also enable both
histochemical staining and immunohistochemical detection
(21, 22). In general, acrylic resins or glycol methacrylate-
based polymers should be used for samples planned to
undergo immunohistochemistry (23). In this context, the
family of Technovit® embedding kits is most often used in
this research field. The Technovit® 9100 system is especially
appropriate for embedding of not only mineralized tissues,
but also soft tissues, and is suitable for both histochemical
staining methods and for enzymatic as well as
immunohistological examinations. This embedding system is
based on MMA, which hardens at low temperature.

Thus, the treatment of biopsies for Technovit® 9100
(Heraeus KulzerGmbH, Germany) is exemplarily described
below as good results have been achieved and published by
our group and others (2, 3, 24-27). However, other different
protocols have also been described in the literature as leading
to satisfying results.
Technovit® 9100 embedding protocol: Polymerization of

the hydrophobic Technovit® 9100 occurs by excluding
oxygen. Additional components such as polymethyl-
methacrylate (PMMA) powder and regulator allow for a
controlled polymerization in the range of −2 to −20˚C
(depending on the volume) that guarantees complete
dissipation of the heat of polymerization. The Technovit®
9100 embedding system is composed of the following
components:

(a) Technovit® 9100 Basic Solution - Component 1;
(b) Technovit® 9100 PMMA Powder - Component 2;
(c) Technovit® 9100 Hardener 1 - Component 3;
(d) Technovit® 9100 Hardener 2 - Component 4;
(e) Technovit® 9100 Regulator - Component 5;
(f) PMMA granules, EXART®.
Prior to embedding, fixation of the biopsy for up to 24 h

is required. Different fixation solutions can be used as
follows for detecting antigens/enzymes:

i. 4% Neutral buffered formalin solution (0.1 M phosphate
or 0.02 M phosphate buffer for iliac crest biopsies)

ii. 10% Buffered formalin solution (0.1 M phosphate buffer)
iii. 1.4% Paraformaldehyde solution, cold (4-8˚C) for

24-28 h 
After the fixation process, dehydration and (pre-)

infiltration has to be conducted according to Table III (22):
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Table III. Exemplary dehydration and (pre-) infiltration process for hard
tissue samples.

Phase Solution Concentration Time/
temperature

Dehydration 1 Ethanol 70% >1 h/RT
Dehydration 2 Ethanol 80% >1 h/RT
Dehydration 3 Ethanol 96% >1 h/RT
Dehydration 4 Ethanol 96% >1 h/RT
Dehydration 5 Ethanol 100% >1 h/RT
Dehydration 6 Ethanol 100% >1 h/RT
Dehydration 7 Ethanol 100% >1 h/RT
Intermedium 1 Xylol - >1 h/RT
Intermedium 2 Xylol - >1 h/RT
Pre-infiltration 1 Xylol/Technovit® - >1 h/RT

9100 Basic (stab.)
Pre-infiltration 2 Technovit® 9100 Basic - >1 h/RT
(Last phase in (stab.)+Hardener 1
machine)

Pre-infiltration 3 Technovit® 9100
(Refrigerator) (destab.)+Hardener 1 - >1 h/4˚C

Infiltration Technovit® 9100 
(Refrigerator) (destab.)+Hardener 1 - >1 h/4˚C 

+PMMA powder After 5 days, 
change 
solution

RT: Room temperature; stab.: stabilized; destab.: destabilized; PMMA:
polymethylmethacrylate.



Once the specimens have warmed to room temperature
after hardening, the blocks are ready for sectioning with a
rotation microtome.

Sectioning of Biopsies

For both paraffin- and plastic-embedded specimens, further
processing includes sectioning on a microtome using
different specimen holders and different profiles of
microtome blades. Most often, sliding or rotation
microtomes are used for sectioning of both paraffin- and
plastic-embedded biopsies.

Sliding microtomes are composed of a fixed sample
holder and a blade that is fixed on a slide. The cutting blade
is pressed through the sample. Sliding microtomes allow cuts
with a thickness of 1 to 60 μm. The main disadvantages of
this kind of microtome are that it is not possible to make
serial cuts and it is almost impossible to obtain sections with
a thickness of less than 8 μm.

In contrast, rotation microtomes have a fixed blade and a
mobile sample holder that is activated by a handwheel.
Normally the sample holder of these microtomes moves in
the downward direction. The prepared samples accumulate
on the blade. The advantage of these microtomes is that the
high mass of the flywheel matches the different hardness in
the same pass, resulting in a uniform cut. The use of a
rotation microtome allows samples between 1 and 60 μm to
be prepared. The main disadvantage is their high price due
to the complexity of the advance mechanism, which also
makes repairs more difficult and expensive.

While most rotation microtomes are made for blocks
embedded in paraffin (Figure 2A), microtomes for sectioning
of plastic-embedded biopsies need to have special features
(Figure 2B). Thus, a heavy-duty microtome for hard sections

should be used in combination with a special knife holder
and knife (Figure 2B).

Other techniques include tissue freezing for cryostat
sectioning (28) (Figure 2C). This method includes an initial
rapid freezing step (generally using liquid nitrogen) as the
fixation method (28). This is the fastest and easiest of all
fixation methods and is well-suited for immunohisto-chemistry
and other analyses not requiring antigen retrieval (22, 28).
However, it results in the poorest morphology, depending on
the tissue being used, and is prone to developing freezing
artifacts caused by delays in the freezing process (29). An
additional example of a fixative is 4% paraformaldehyde,
combined with using sucrose as a cryoprotectant (30). This
results in excellent tissue morphology, is suitable for
immunohistochemistry, and can be combined with a slower
freeze in crushed-powder dry-ice alone, slush of dry ice and
100% alcohol, or in a beaker of isopentane surrounded by dry
ice. This method does not tend to incur freezing artifacts or
cause cracked blocks (30). However, this technique is very
time consuming and requires antigen retrieval due to cross-
linking before applying immunohistochemical procedures (31).

Altogether, the respective choice of workup methods is
dependent on the technical equipment of the institution or
department, and the preferences of the researchers; it also
depends on special analytical methods that may require
further fixation or embedding techniques.

(Immuno-)Histochemical Staining Methods

There is a variety of histochemical stains and antibodies for
immunohistochemical detection of different extracellular
matrix components and cell types. The field of biomaterial
and bone substitute research uses a special range of
histochemical stains whose application allows different
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Figure 2. Exemplary images of a rotation microtome for paraffin sectioning (A), a rotation microtome for plastic sectioning (B) and a cryostat (C).



important features within the biopsies to be highlighted and
enhances tissue contrast. 

In the context of biomaterial research, it is most often
important to choose a staining that allows for microscopical
separation of implanted materials from the surrounding
(newly generated) bone or connective tissue. Thus, the
staining is highly important for information acquisition.

Hematoxylin and eosin (H&E) staining is one of the
principal stains in histology and is widely used in medical
diagnosis (32). Although H&E is a useful all-purpose stain
that is quick and easy to apply, its disadvantages include low
differentiation between different tissue components, cell
types and implanted biomaterials (33). For more detailed
separation, specialized stains are used in this research field.
Some of these methods are listed in Table IV (34).
Furthermore, some exemplary images of the described
staining results are displayed in Figure 3.

However, a variety of other staining methods are
available, and are described in the literature, but the choice
of staining strongly depends on the biomaterial and the tissue
analyzed. It would go beyond the scope of this article to
mention all the available staining methods.

One of the best histochemical staining procedures which
allows for a high level of differentiation between different
tissue components is Movat’s pentachrome stain (35, 36).
The protocol for this staining method that is suitable for most
histological analyses is presented in the following:

Materials
- Alcian blue 1%
- Alkaline alcohol with ammonia
- Weigert’s iron hematoxylin components A and B
- Iron (III) chloride solution (for 5 μm sections)
- Sodium thiosulfate 5% (for 5 μm sections)
- Brilliant Crocein acid fuchsin
- Phosphotungstic acid 5%
- Acetic acid 1% (10 ml 100% acetic acid + 990 ml

distilled water)
- Safron du Gatinais

Notes:
- Work under the hood
- Wear protective clothing (laboratory coat, gloves and

safety glasses)
- The staining must be carried out in cuvettes
- Acetic acid 1% (stock 1 l: 10 ml 100% acetic acid + 990

ml distilled water)

Preparations:
- Alcian blue: check the pH value for 2 and correct if

necessary using NaOH/HCl (0.1-1 mol/l)
- Weigert’s iron hematoxylin: Consists of component A

and B (Weigert’s solution A - alcoholic hematoxylin solution;

Weigert’s solution B - hydrochloric acid iron(III)nitrate
solution). 

Preparation of the working solution from component A
and B: Mix solutions A and B in equal parts, e.g. 125 ml
solution A + 125 ml solution B for a 250 ml staining cuvette.

- Store Safron du Gatinais for 24 h at 60˚C in a warming
cabinet for color extraction, leave the sediment in the bottle.

- Fix paraffin sections at 60˚C in a heating cabinet for at
least 30-45 min

- Press and dry acrylate sections at 60˚C in a cabinet.

Staining procedure:
i. 3× Xylene or 3× MEA (plasterer) 5 min each 
ii. 2× Absolute ethanol 2 min rehydration each
iii. 2× Ethanol 96% 2 min rehydration
iv. 2× ethanol 80% 2 min rehydration
v. Distilled water 2 min rehydration
vi. Color with Alcian blue 1% 15 min (note preparation!)
vii. Rinse in tap water 5 min
viii. Alkaline alcohol 1 h
ix. Rinse in tap water 10 min
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Table IV. Different histochemical stains and their advantages.

Staining method Advantages

Masson-Goldner - Differentiation between mature bone, new 
original formed bone, fibrous tissue, cartilage tissue,

and bone substitutes
- Detection of blood vessels based on the color
of erythrocytes
- Green connective tissue counterstaining

Modified Masson- - Differentiation between mature bone, newly-
Goldner trichrome formed bone, fibrous tissue, cartilage tissue,

and bone substitutes
- Blue connective tissue counterstaining

Movat’s - Highest degree of differentiation due to use  
pentachrome of five dyes for analysis of bone healing and

remodeling
- Differentiation between mature bone, newly-
formed bone, fibrous tissue, cartilage tissue,
and bone substitutes
- Visualization of bone accumulation within
the scaffold

Alcian blue - Visualization of endochondral ossification
- Labeling of glycosaminoglycans in a bright
blue color
- Detection of chondrocytes

Toluidine blue - Differentiation between mature bone, newly
formed bone, and fibrous tissue

Von Kossa - Silver precipitation to quantify grade of
mineralization 

Gomori’s trichrome - Visualization of collagen
Alizarin red/Alcian - Visualization of calcium and mineralization
blue



x. Weigert’s iron hemato×ylin 10 min (note preparation!)
xi. Distilled water briefly rinse
xiii. Distilled water briefly rinse
xiv. Sodium thiosulfate 5% 1 min
xv. Distilled water briefly rinse
xvi. Rinse in tap water 10 min
xvii. Brilliant Crocein acid 10 min
xviii. 1% Acetic acid 30 s
xix. 5% Phosphotungstic acid 20 min
xx. Acetic acid 1% 2 min
xxi. Ethanol 99.9% 1 min
xxii. Safron du Gatinais 6 min (Note preparation!)
xxiii. Ethanol 99.9% 2 min
xxiv. 3× Xylene 5 min each
Dyeing time: approx. 3:15 h
Finally, with the Movat’s pentachrome staining, all

components of the connective tissue can be displayed in a
single staining as detailed in Table V. 

While these stains partially allow separation of different
cell types, such as osteoblasts, macrophages, or
granulocytes, involved in regeneration or inflammatory
processes, other specialized stains, such as Giemsa, can be
used for basic microscopic separation of cells (36).
Moreover, some enzymatic-detection techniques, such as
tartrate-resistant alkaline phosphatase (TRAP) for detection
of osteoblasts, are used for the visualization of specific cell
types (37, 38). 

The processes within an implantation bed of a bone
substitute can be discerned in more detail via
immunohistochemistry, which allows for detection of
molecules or cell (sub-)types involved in the (inflammatory)
tissue reactions to a biomaterial. Many different factors have

to be considered for successful immunohistochemical
detection; these are not discussed in detail in this article.
However, different guides for conducting immunohisto-
chemistry are available from antibody manufacturers, books,
and publications (39). The variables that must be considered
and optimized for successful immunohistochemical detection
include the respective antigens (species, expression level,
sample type), epitopes, appropriate controls, sample
preparation, fixation methods and fixatives, blocking steps,
antigen retrieval methods, detection methods, primary and
secondary antibodies, labeling methods and labels,
counterstains, and mounting reagents. 

For example, inflammatory processes can be detected
using macrophage antibodies for differentiating between the
different pro- and anti-inflammatory subtypes (40, 41)
(Figure 4). 
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Figure 3. Exemplary histological images of subcutaneously implanted synthetic bone substitute material at day 30 post implantation stained with
hematoxylin and eosin (A), Giemsa (B), Masson-Goldner (C) and Movat’s pentachrome (D). Original magnification: Upper row: 10×; lower row: 40×.

Table V. Staining results of the Movat’s pentachrome staining.

Structure Color

Cell nuclei Brown-black
Collagen fibers Yellow
Reticular fibers Yellow
Mineralized bone matrix Yellow
Mineralized cartilage Blue-green
Osteoid Red
Mucin Blue
Fibrinoid substance, Fibrin Red
Muscles Red
Cytoplasm Red
Acid glycosaminoglycans Bright light blue



Analytical Methods for Preclinical Tissue Explants
and Clinical Biopsies

The first step in the analysis of biomaterial tissue reactions
includes microscopic analysis of the implantation beds (2, 4,
42-49). Different methods allow for quantitative determination
of the healing processes within the implantation beds of a
biomaterial. For example, a qualitative description of bony
integration is particularly important, because factors such as
interactions with the bone matrix, or osteoblastic growth that
is reflected by osteoblastic hems, can only be described based
on observations. 

In general, it is useful to follow a specific protocol that
defines monitoring parameters; such a procedure facilitates
the comparison of different bone substitutes analyzed in the
same study and allows cross-study comparisons. A scoring
system for such analyses represent a semi-quantitative
approach (50). Examination is generally performed by two or
more experts in histology, based on an evaluation form
containing different parameters (Table VI). In most cases, a
score for each subject is obtained individually, and the overall
healing score represents the sum of all evaluated parameters.
The obtained data can be used for statistical analysis.

Finally, representative microphotographs are acquired with
a light microscope combined with a digital camera; these are
generally used for publication.

Histomorphometrical analyses of the different factors
involved in tissue reactions to biomaterials or in (bone)
tissue healing are used as a more exact method (2, 4, 42-49,
51, 52). However, this kind of analysis requires a microscope
equipped with a digital camera and a computer running an
analytical software. Combined microscope systems,
including motorized components such as a scanning table for

digitization of histological slides, are available from different
companies (Figure 5). 

The costs of appropriate microscopes, digital cameras, and
related computer programs vary widely. The costs of
programs vary from open-source software, such as ImageJ
(53), a tool suitable for different histomorphometrical
analyses, to specialized software packages that can cost
thousands of euros. However, costly software packages from
certain manufacturers are optimally adapted for components
such as a digital camera or scanning table; in contrast, such
components are only occasionally compatible with open-
source programs. 

Histomorphometrical analysis can include a variety of
biomaterial-related factors. For example, factors such as the
following morphometric indices for calculation of newly
formed bone in sites of regeneration (53-55):

i. Total area (TA) or total volume (TV) of a biopsy per
implantation site, including both new bone, remaining bone
substitute, and soft-tissue cavities (in mm2 or mm3)

ii. Areas or volumes of newly formed bone tissue (BA or
BV), of remaining bone-substitute material (MA or MV), or
of connective tissue (CA or CV) (in mm2 or mm3)

iii. Fractions of bone tissue (BA/TA or BV/TV), remaining
bone substitute (MA/TA or MV/TV) or connective tissue
(CA/MA or CV/TV), also described as the percentage or
ratio (hence, no unit of measure is used) 

iv. Average bone thickness (B.Th) (in mm)
v. Average bone separation, which is the thickness of soft-

tissue cavities (B.Sp) (in mm)
Various other factors, such as vascularization of the

implantation bed (as a percentage of the implantation area
and numbers of vessels/mm2 of the implantation bed) or
numbers of different cell types, such as MNGCs, within the
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Figure 4. Exemplary histological images of immunohistochemical detection of CD163 for M2 macrophages (A) and CD11c for M1 macrophages
(B) within the subcutaneous implantation bed of a resorbable magnesium membrane at day 10 post implantation. Original magnification: 20×.



implantation bed (cells/mm2 of the implantation bed) can be
measured, counted, and related to the respective implantation
area via histomorphometry (2, 4, 42-49). Altogether,
histomorphometrical analyses are an appropriate method for
analyzing the bone-healing process and related factors.
Interestingly, the manual marking of the areas of tissue
fractions is most often still necessary for measurements of
these parameters (Figure 6).

Most software programs currently offer automatic or semi-
automatic analyses for cell counting. However, conducting

these analyses is strongly dependent on factors such as
quality of the histological slides and digitization quality,
which, in turn, are based on the quality of components used
for digitization (e.g. resolution of the digital camera); most
of all, the contrast of the respective staining is the most
important factor in these assessments. Immunohistochemical
stains may provide the highest contrast, while many
histochemical stains do not enable sufficient separation of
different tissue fractions or cell types.

In this context, we want to describe for the first time an
automatic cell counting approach for detection of cell types
such as pro- or anti-inflammatory macrophages within the
implant beds of biomaterials using the ImageJ software
package.

Step-by-step Guide for Automatic Cell Counting
Based on Immunohistochemically Stained Tissue
Slides 

A stepwise approach using software like the freeware ImageJ
that can be downloaded from https://imagej.nih.gov/ij/ can
be used after adoption of the software to individual needs by
the development of specific workflows or plugins. The steps
are listed in Table VII.

Interestingly, for establishment of this measurement
protocol the method was compared to both manual cell
counting and other software-based methods that can be
purchased. The results showed a continuously low tolerance
for errors, which makes the present methodology most
preferable as it is based on a free software package and is
highly timesaving (unpublished data).

Finally, the measurements are related to the total defect or
implantation area resulting in cell numbers per unit area, for
example cells/mm2). This calculated cell numbers allows
then to compare the tissue reactions to two or more
biomaterials analyzed in one study as previously shown (4,
5, 27, 42, 47, 56, 57). Furthermore, the results enable
comparison of new study results with those from former
studies using the same study conditions, i.e. the same
implantation model, the same histological preparation and
immunostainings as well as the same microscope setting.

Representative Results

In this context, every biomaterial, such as bone substitutes,
induces an inflammatory response and inflammatory tissue
response cascade, the so-called foreign body reaction to
biomaterials (7-10). In this inflammatory cascade, macrophages
are key cellular components because they regulate different
processes in the implantation bed (7-10). Interestingly, MNGCs
in the implant beds of both natural-based bone-substitute
materials and synthetic materials appear to possess the
phenotype of foreign body giant cells (9). It has been long-
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Table VI. Example of a scoring protocol for bone regeneration [score
taken from (51)].

Histological score

1. Bone formation
0 – absent
1 – present at the periphery
2 – present centrally
3 – present centrally and at the
periphery

2. Vascularization of the graft
0 – absent
1 – present at the periphery
2 – present centrally
3 – present centrally and at the
periphery

3. Osteoblasts
0 – absent
1 – present at the periphery
2 – present centrally
3 – present centrally and at the
periphery

4. Osteocytes
0 – absent
1 – present at the periphery
2 – present centrally
3 – present centrally and at the
periphery

5. Osteoclasts
0 – absent
1 – present at the periphery
2 – present centrally
3 – present centrally and at the
periphery

6. Immature bone
0 – present centrally
1 – present at the periphery
2 – absent

10. Scaffold replacement with
mature bone
0 – absent
1 – present at the periphery
2 – present centrally
3 – present centrally and at
the periphery

11. Bone bridge
0 – absent
1 – narrow
2 – thick

12. Bone trabeculae
0 – absent
1 – present at the periphery
2 – present centrally
3 – present centrally and at
the periphery

13. Haversian canals
0 – absent
1 – present at the periphery
2 – present centrally
3 – present centrally and at
the periphery

14. Inflammation
0 – present
1 – absent

15. Granulation tissue
0 – present
1 – absent

16. Neo-formation of blood
vessels
0 – absent
1 – present at the periphery
2 – present centrally
3 – present centrally and at
the periphery

17. Bone tissue
0 – absent
1 – present at the periphery
2 – present centrally
3 – present centrally and at
the periphery



supposed that MNGCs found in the implant beds of bone
substitutes based on calcium phosphates, such as calcified bone
matrix, are osteoclasts, i.e. physiologically derived cells
involved in bone metabolism. However, more recent studies
have shown that this cell type is of inflammatory origin (9).
Both macrophages and MNGCs express pro- and anti-
inflammatory molecules, such as the vascular endothelial
growth factor and heme oxygenase, which have major
influence on vascularization of the implant bed of bone
substitutes (9, 11). Vascularization is a key factor for bone-
tissue regeneration and process of osteoconduction (Figure 3);
thus, the inflammatory response to a material is associated with
the bone healing process and other various pathways (8, 9). 

Both preclinical and clinical studies and the related biopsies
are used to determine not only the regenerative effects of
biomaterials, but also the material-related inflammatory
responses and associated processes such as biodegradation.

In the past decades, the described methods have been used
to compare tissue reactions to many different bone substitutes.
In this context, their application can substantiate the long-term
stability of xenogeneic biomaterials based on bovine bone that
may be related to reduced induction of MNGCs (2, 58).
Moreover, it was shown that differences in granule size, shape

and porosity of five different β-tricalcium phosphate (β-TCP)-
based bone substitute materials influenced their integration
within the implantation bed and the formation of tartrate-
resistant acid phosphatase (TRAP)-positive and TRAP-negative
MNGCs, as well as the rate of vascularization (56). It was
concluded that variations in the physical properties of a bone
substitute material clearly influence the extent of the
inflammatory reaction. In another study, it was revealed that
different chemical compositions of three bone substitute
materials, namely hydroxyapatite (HA), β-TCP and a mixture
of both with a HA/TCP ratio of 60/40 wt%, significantly
influenced the material-related tissue responses (5). TCP
induced significantly higher numbers of MNGCs compared to
HA. Furthermore, the vascularization of the implantation bed
of TCP was significantly higher than that of HA implantation
beds. The mixture of bone substitutes combined the properties
of both. These study results lead to the conclusion that the
combination of both compounds is useful for generating a
scaffold for rapid vascularization and integration during the
early time points after implantation and for setting up relatively
slow degradation. 

Finally, the methods described above were used to analyze
the tissue reactions to different injectable bone substitute
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Figure 5. A: A conventional light microscope (Axioscope 5; Zeiss, Oberkochen, Germany) equipped with a scanning table. B: Newly developed
digital microscope that allows for microscopy only on a digital basis (Precipoint M8; Precipoint GmbH, Freising, Germany).



materials, leading to the elucidation of their integration
behavior (44, 59, 60).

Altogether, these methods allow for the comparison of the
tissue reactions to a variety of biomaterials and help in
analyzing their biocompatibility.

Discussion

Although the histological preparation of tissue samples or
biopsies is relatively stable and applicable, every step
includes sources of error that might be of vital importance
for the subsequent steps and can also significantly influence
the overall success of tissue sample processing.

Initially, the fixation process is a critical step as failure
can have major influence mainly onto the following
(immuno-) histochemical staining. Thus, it is of great

importance to choose the correct fixation medium for the
detection methods which are to be used later. Furthermore,
insufficient fixation can cause embedding and cutting
failures.

Subsequently, the embedding process is also of crucial
importance as it can significantly affect processes such as
cutting and staining. While paraffin embedding is a relatively
widely applicable method, plastic embedding is particularly
more challenging. This can be due to the infiltration process
as a biopsy must be infiltrated for a long time span for
complete penetration to be achieved. Thus, most problems
arise from too short and therefore insufficient plastic
infiltration. This problem can be solved by infiltration of
tissue samples under vacuum. Furthermore, the embedding
process can be impaired by embedding media or impurities
within the embedding medium.
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Figure 6. Manual marking (yellow line) of the remaining bone substitute granules for evaluation of the regenerative capacities of a synthetic bone
substitute material using ImageJ software.
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(a) Re-calibration of a total scan 

• Zoom into the total scan on the scalebar
• Measure the scalebar from start to finish with the "straight" tool
• After measurement → Set calibration 
• In the header of ImageJ
➢ Analyze
➢ Set Scale
• Settings window opens 
➢ Specify “Known distance”, e.g. 5000 for 5 mm measuring bar length
➢ Specify “Unit of length” (e.g. μm)
Result: Values are later specified in the window “Results” in μm instead
of in pixels

(b) Duplication of the image

• After calibration, the calibrated original image should be duplicated
➢ Right mouse click
➢ Choose “Duplicate” 
➢ Confirm with “OK”

(c) Mark of the “Regions Of Interest” (ROIs)

• Use the tool “Polygon selection” 
• Start to set the border 
• Note: To move within the image without interrupting the mark process
it is necessary to press the spacebar and to move the image with the mouse
• Close the border with a right mouse click
• Press “T”
➢ ROI-manager window opens
➢ First ROI is displayed in window 
• The mark process can be repeated any number of times
• To display all marked ROIs within an image, check the respective
labels in the ROI manager
3 Show all
3 Labels

Linkage of individual ROIs (if necessary)

• Hold down the Ctrl key
➢ Mark all ROIs that should be combined in the ROI-manager 
• After the mark process
➢ Click on "More" in the sidebar of the ROI-manager
➢ Choose “XOR”
➢ Press “T”
• A new ROI-file is displayed in the ROI-manager and the new
combined ROI is now shown in the image.

Save the (linked) ROI(s)

• Mark the ROI in the ROI-manager 
➢ Right click
➢ “Save”
➢ Name the ROI(s)
➢ “Save”

Measurement of the ROI area

• Mark the ROI to be measured in the ROI-manager
➢ Press “Strg”+“M” or press the button Analyze → Measure
• “Results‘‘ window opens

Definition of the color values

• In the ROI Manager the linked ROI file is marked
1. Select in the header of Image-J:
➢ Edit
➢ Clear Outside
➢ Note: "Clear Outside" must be applied so that
• Cell nuclei that are not co-stained by the color threshold outside the
ROI label
➢ macrophages outside the ROI mark are not counted
2. Select in the header of Image-J:
➢ Image
➢ Adjust
➢ Color Threshold
• Hint: If the specified threshold values are insufficient for the
evaluation, only the saturation value should be adjusted.
➢ All other settings remain constant! 
• Minimize the threshold window, because otherwise settings will be
transferred to the duplicate and thus may falsify the complete evaluation.
• New settings window opens
• Color-Threshold Settings
➢ Hue: 191-255
➢ Saturation: 50-255
➢ Brightness: 0-255
➢ Thresholding method: Default
➢ Thresholding color: Red
➢ Color space: HSB
➢ Check mark at
3 Dark background
• Threshold window must be minimized

Create mask according to Color-Threshold setting

• Mark the ROI
• Select in the header of Image-J:
➢ Analyze
➢ Analyze particles
• New settings window opens, select the following settings:
➢ Size: 1-Infinity
➢ Show: Masks
➢ Check marks only at
3 Display results
3 Clear results
➢ After entering the settings, press “ok”
• New window opens with the label “Mask of picture name” & the
defined particles in black and white will be opened

Define the cell nuclei

• Use the duplicate
• Split the colors of the duplicate → select in the header of Image-J:
➢ Image
➢ Color
➢ Split Channels
• Three black and white pictures open with the captions: 
➢ “picture name (red)”
➢ “picture name (green)” 
➢ “picture name (blue)”
• Use the image with the caption “picture name (red)”, the others can
be closed
• Insert the ROI into the red duplicate image

Table VII. Continued

Table VII. Exemplary stepwise approach of a measurement process for bone regeneration based on ImageJ.



In general, one of the major problems is incorrect placement
of the biopsy within the embedding medium, which causes
subsequent inaccurate sectioning of the biopsy. This problem
can easily be solved in the case of paraffin-embedded biopsies
as they can be melted and rapidly re-embedded. In contrast, the
re-embedding of plastic-embedded samples is much more
challenging if not impossible. In the case of such problems,
most often only complete re-cutting of the blocks is helpful.

Further issues may occur during the processing of
histochemical staining most often caused by inadequate
dewaxing or de-plastination. These issues produce problems
with adherence of the dyes and thus lead to incorrect staining
results. Additionally, problems can be caused by incorrect
dyeing times, incorrect mixing of staining solution, or
prolonged time intervals between the staining procedure and
the placement of coverslips.

The complete process of immunohistochemical staining
includes many different error sources. This includes antibody
concentration, antibody exposure time, incorrect pre-
treatment of the tissue, inappropriate choice of detection kit
or the disregarding chromogen solubility, and the omission
of a required (protein) blocking solution such as that against
endogenous peroxidase or alkaline phosphatase. 

Moreover, a variety of issues may occur during
histopathological analysis, including the choice of the correct
staining for the identification of different cell types involved

in the tissue reactions to a biomaterial or the lack of
identification of (remnants of) a biomaterial. Problems also
arise in histomorphometrical analysis of tissue samples. For
example, this includes the digitization process and related
incorrect illumination of a microscope slide. Not least, the
(semi-)quantitative analysis of tissue samples causes many
issues in determination of the implantation area and the
correct distinction of individual cells.

Altogether, the present techniques are adequate for tissue
reactions to a variety of biomaterials to be analyzed
systematically. Although a variety of problems can occur
during the different preparation and analytical steps, the
methods can be performed in a satisfactory manner and can
be improved over time and with gain of experience. 
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• Select in the header of Image-J:
➢ Process
➢ Find Maxima settings:
➢ Prominence >20
➢ Check mark at:
3 Light background
➢ Output type: Maxima within Tolerance
• New window with Maxima opens
➢ White background with black dots
• Hint: If the Maxima image has a black background with white dots,
follow these steps:
➢ Process → Binary → Options
➢ Window opens
➢ Remove check mark at: n black background
Combined evaluation of Mask & Maxima image
• Select in the header of Image-J:
➢ Process
➢ Image calculator
• New settings window opens, select the following settings:
➢ Image 1: “Mask of picture name”
➢ Operation: AND
➢ Image 2: “picture name (red) Maxima”
➢ Check mark at
3 Create new window
• New window with the overlay opens

Counting of positive cells/macrophages

• Use last newly opened overlay window
• Select in the header of Image-J:
➢ Edit
➢ Selection
3 Create Selection
• Yellow connecting lines appear in the window 
• Select in the header of Image-J:
➢ Analyze
➢ Analyze Particles
➢ New settings window opens, select the following settings:
➢ Size: 2-Infinity
➢ Show: Masks
➢ Check marks only at:
3 Display results
3 Clear results
➢ After entering the settings, press “ok”
• Query "Save results?" opens
➢ Select “No”
• In the “Results” window you can see the number of macrophages, the
last number at the bottom left (first column last line) of the Results
window corresponds to macrophage number

Table VII. Continued
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