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Abstract
This review presents key molecular biology techniques used to investigate interactions between 
biomaterials and biological systems, emphasizing their role in evaluating biocompatibility and cellular 
responses. We focus on methodologies such as recombinant DNA technology, polymerase chain reaction 
(PCR), in situ hybridization, immunocytochemistry (ICC), and immunohistochemistry (IHC). These tools 
enable the detection and quantification of gene and protein expression, particularly those involved in 
inflammation and tissue regeneration, providing molecular-level insights into how cells respond to 
biomaterial cues. We discuss the relevance of these techniques in identifying inflammatory markers, 
tracking cell differentiation, and understanding tissue integration processes, as well as how their 
implementation faces technical challenges, including interference from the physicochemical properties of 
biomaterials, difficulties in sample preparation, and the standardization of protocols across different 
platforms. Addressing these limitations is vital to ensure data reliability and reproducibility. Looking ahead, 
we highlight emerging opportunities involving the integration of 3D imaging technologies and artificial 
intelligence to manage and interpret high-dimensional biological data. This article also serves as a practical 
tool for emerging investigators who are entering the field of biomaterials, offering accessible guidance on 
the selection and application of essential molecular biology techniques. These innovations promise to 
accelerate the rational design of biomaterials tailored to specific clinical applications and patient needs. In 
conclusion, molecular biology techniques provide a foundational toolkit for characterizing biological 
responses to biomaterials, supporting the development of safer and more effective therapeutic materials 
and empowering emerging investigators to contribute meaningfully to the next generation of biomedical 
solutions.
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Introduction
Biomaterials represent one of the most important fields in biomedical engineering and technology, with 
applications ranging from the development of prosthetics that serve solely structural and mechanical 
support functions to tissue engineering scaffolds capable of providing matrices that promote tissue 
regeneration [1]. According to the National Institute of Biomedical Imaging and Engineering, a biomaterial 
is defined as any material designed to interact with biological systems to evaluate, treat, augment, or 
replace any tissue, organ, or function of the body, emphasizing that biomaterials not only must avoid 
causing an adverse immune response but can also have active functions, such as promoting tissue 
regeneration or delivering drugs [2]. These materials, which can be natural or synthetic, have evolved 
significantly over the years from simple inert structures to bioactive platforms capable of directly 
interacting with surrounding cells and tissues [3]. Biomaterials provide not only physical support but also 
trigger specific biological responses through controlled release of growth factors or modulation of 
inflammatory processes. Biomaterials play a key role in various medical fields, including regenerative 
medicine, implantology, and drug delivery [4]. Biomaterial-based solutions to unmet medical and clinical 
needs require addressing scientific issues not only of materials synthesis and manufacturing methods but 
also of biological responses to the material. Among the wide variety of biomaterials, collagen-based 
matrices are widely used for soft tissue repair, synthetic polymers offer tunable mechanical and 
degradation properties suitable for drug delivery and bone regeneration, nanoparticles enable targeted 
therapeutic delivery and immune modulation, and graphene-based scaffolds show promise in neural tissue 
engineering due to their electrical conductivity and biocompatibility [5–8]. Graphene-based scaffolds, due 
to their electrical conductivity and biocompatibility, have also gained increasing attention, particularly in 
neural tissue engineering and regenerative applications, where three-dimensional architectures and 
interactions with stem cells show promising potential [9, 10].

Biocompatibility as a biomaterial feature refers to their ability to function safely in medical treatments 
without causing harmful effects while promoting appropriate cellular or tissue responses and ensuring 
optimal clinical performance [11]. Determining biocompatibility requires analyzing various biological 
parameters through consecutive strategies, including in vitro, ex vivo, and in vivo, preclinical and clinical 
studies, which are often standardized by international organizations such as the International Standards 
Organization (ISO) and the American Society for Testing and Materials (ASTM), overseeing proper cell 
culture techniques for cytotoxicity evaluation [12]. Biocompatibility is one of the key challenges in 
biomaterials research for the development of new products and applications, as illustrated in Figure 1. The 
first aspect is that the material must not cause toxicity or adverse reactions and must be accepted by the 
body without triggering a negative immune response. Tissue integration is another crucial challenge, as 
biomaterials must be safe and effective in their intended function, whether promoting tissue regeneration, 
facilitating healing, enhancing organ functionality, or merely being an inert interaction during biomaterial 
implantation [13, 14]. Successful integration is related to factors such as the material’s structure, 
mechanical and biochemical properties, and its interactions with surrounding cells and tissues, depending 
on the target tissues treated (Figure 1a). Biological variability further complicates biomaterial 
development, as each patient has a unique biological profile that can influence the body’s response to a 
given material. For example, at best a hydrogel can accomplish its commitment to inducing wound healing 
(Figure 1b) [15], while there are complications of breast implant rejection due to fibrotic encapsulation of 
the implant, having the risk of causing carcinoma (Figure 1c) [16], or periimplantitis in bone implants that 
occur over time, which can be prevented by coating metal implants with antimicrobial additives (Figure 1d) 
[17–19]. This highlights the need for biomaterial technology that considers biological variability along with 
manufacturing and production issues for commercial medical devices. Additionally, regulatory approval is a 



Explor BioMat-X. 2025;2:101344 | https://doi.org/10.37349/ebmx.2025.101344 Page 3

Figure 1. Diverse biomaterial-host interactions depend on technology and function. a) Examples include (i) hydrogel 
dressings for wound healing, (ii) thrombosis-resistant vascular stents, (iii) dental implants integrating with tissues, (iv) neural 
stimulators without inflammation, (v) fibrosis-free breast implants, (vi) bone plates reinforcing fractures, (vii) rejection-free 
cardiac pacemakers, and (viii) durable hip prostheses. A schematic illustrates b) gel state materials made of crosslinked 
collagen that are designed to accelerate wound healing and promote tissue regeneration instead of scar tissue formation [15], c) 
the role of the surface of polyurethanes when this causes an undesirable response such as breast implant fibrotic encapsulation 
where histological analysis suggests that the implant may cause carcinoma [16], or d) the role of drug-eluding dental implants to 
prevent peri-implantitis over time, where antibacterial coatings made of polyacrylic acid-chlorine allow osteointegration while this 
is capable of preventing bacterial infections [19]. Created in BioRender. Muñoz, P. (2025) https://BioRender.com/99c3z4c. b) 
Partly adapted with permission from [15]. © 2022 IOP Publishing Ltd. c) partly adapted from [16]. © The Author(s) 2023. 
Licensed under a CC-BY 4.0. d) Partly adapted from [19]. © The Author(s) 2021. Licensed under a CC-BY 4.0
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significant hurdle, as biomaterials must meet strict safety and efficacy standards before clinical use. This 
process is often lengthy and costly, potentially limiting innovation and delaying the introduction of new 
products to the market.

Molecular biology techniques play a fundamental role in this process by enabling us to evidence the 
influence of biomaterials on gene expression, protein synthesis, and cellular behaviors such as proliferation, 
differentiation, and apoptosis. These results are inputs to establish biocompatibility and biofunctionality for 
biomaterials in different applications, including modulation of immune cells to regulate wound healing in 
response to an implant, or to promote tissue regeneration rather than a fibrotic outcome [12, 20, 21]. Given 
these challenges, training researchers in these techniques is essential to advance biomaterials science and 
technology. Molecular biology provides powerful tools to study the interactions between biomaterials and 
living tissues at the cellular and molecular levels. Techniques such as PCR, electrophoresis, and DNA 
sequencing enable researchers to analyze and manipulate genetic material, facilitating the development of 
biomaterials that integrate effectively with biological tissue. For instance, genetic modifications can 
enhance cell receptivity to a specific biomaterial, improving the success of biomedical treatments. 
Additionally, cell culture techniques play a crucial role in assessing biocompatibility by simulating 
biological environments and evaluating cellular responses to different materials, helping predict their 
behavior in vivo. Furthermore, proteomic and metabolomic analyses allow researchers to examine how 
biomaterials influence metabolic pathways and gene expression, which is essential for designing materials 
that are not only safe to repair defects but also biointeractive to promote regenerative mechanics [22, 23]. 
By applying molecular biology techniques to biomaterials research, crucial insights are gained into the 
biocompatibility and long-term behavior of a material, so training research staff in these techniques is 
strongly suggested [15, 24–27].

Biomaterials research and development is a growing field where distinct disciplines converge to drive 
innovation, including biotechnology, medicine, chemistry, and engineering. According to Precedence 
Research, the global biomaterials market was valued at USD 171.35 billion in 2024 and is projected to reach 
approximately USD 523.75 billion by 2034, growing at a compound annual rate of 11.82% during this 
period. North America leads the market, supported by organizations such as the National Institute of 
Standards and Technology and the National Science Foundation, while the Asia-Pacific region is expected to 
experience rapid growth due to expansion strategies [28]. Additionally, initiatives to strengthen this field 
are emerging worldwide through the training of new generations of researchers in the roadmap to support 
the biomaterials’ translation [29]. Collaboration with experts in molecular biology and related areas 
remains essential to ensure continued progress and strengthen the growth of the field in the different 
regions of the world, which requires the expertise to interact in an inter- and transdisciplinary manner.

This article presents five fundamental molecular biology techniques commonly used in biomaterials 
research, outlining their background, relevance, and applications. It provides a simplified overview of basic 
protocols along with examples of how researchers have utilized these techniques for biomaterial 
characterization. By detailing these methodologies, the article serves as a resource for scientists entering 
the field while also emphasizing the close relationship between molecular biology and biomaterials. 
Additionally, it offers guidance to both early-career and experienced researchers interested in exploring 
this branch of biomedical engineering. The goal is to promote interdisciplinary collaboration across 
scientific fields. Rather than replacing the expertise of molecular biologists, this work aims to provide a 
foundation for assessing the biomedical potential of newly developed biomaterials.

In situ hybridization of nucleic acids
In situ hybridization of nucleic acids: a technique that allows us to identify specific sequences

Nucleic acid hybridization is a key molecular biology technique for detecting and analyzing specific DNA or 
RNA sequences based on base complementarity. Among its methods, the Southern blot stands out, 
involving DNA extraction, restriction enzyme digestion, electrophoretic separation, and transfer to a 
membrane for hybridization with a labeled DNA probe [30–32]. The Northern blot follows a similar 
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approach but targets RNA [33, 34]. A significant variant is in situ hybridization (ISH), performed directly on 
tissues, cells, or chromosomes, first applied in 1969 to detect DNA in Xenopus. This technique has since 
advanced into a crucial tool for studying gene expression, cell proliferation, apoptosis, and disease-related 
genes, including cancer-related ones [35]. Its RNA application focuses on detecting specific mRNAs. 
Hybridization relies on the renaturation of single-stranded DNA or RNA following denaturation, which 
disrupts hydrogen bonds and hydrophobic interactions through heat or chemical agents. Controlled cooling 
allows complementary strands to reanneal, forming hybrids if the pairing strand differs from the original. 
This property enables hybridization-based gene and nucleic acid identification [36]. When talking of ISH, 
two key components are required: A target sequence generated by proteolytic enzymes and a labeled probe 
complementary to it. The probe, marked with a radioactive, fluorescent, or enzymatic tag, enables 
visualization of hybridization sites within tissues or cells [36]. In biomaterials research, ISH serves as a 
crucial tool for assessing biocompatibility, offering molecular insights into material-tissue interactions, and 
validating biomedical applications.

Protocol briefly: key steps for the technique

Below is a simplified protocol for implementing ISH, which is graphically summarized in Figure 2. For the 
complete process, refer to [37, 38]. In Fluorescent in situ hybridization (FISH), the preparation and 
application of probes are critical for accurate detection of chromosomal abnormalities. Three main types of 
probes are commonly used: chromosome painting probes, which label entire chromosomes and enable the 
identification of structural and numerical rearrangements using techniques like Multicolor FISH (M-FISH) 
and Spectral Karyotyping (SKY); repetitive sequence probes, which target repetitive chromosomal regions 
such as telomeric or centromeric sequences, aiding in the detection of aneuploidies like monosomies or 
trisomies; and locus-specific probes, which are derived from genomic clones in PAC or BAC vectors and are 
used to detect specific chromosomal aberrations such as translocations, deletions, or inversions.

Figure 2. A standard FISH-SKY method is graphically summarized, describing the main steps. a) cytological preparation 
where cells are fixed, and then squashed to expose the DNA, b) probe fluorescent labeling, attaching different fluorescent 
markers for each probe, c) DNA denaturation, d) probe application to the denatured DNA, e) labeled DNA hybridization, 
showing a schematic representation of f) chromosome disposition and g) rearrangement after fluorescent signal detection. h) 
Application example: FISH analysis of telomere length in cartilage tissue after autologous chondrocyte implantation (left). 
Telomeres were labeled with green fluorescence, allowing their size to be monitored as an indicator of cellular senescence over 
time (right). Created in BioRender. Muñoz, P. (2025) https://BioRender.com/400p3en. h) Partly adapted from [16]. © The 
Author(s) 2023. Licensed under a CC-BY 4.0

Cytological preparation is essential for clear hybridization signals (Figure 2a). For chromosomal 
studies, cells—such as root tips in the mitotic phase—are fixed in an ethanol:acetic acid solution (3:1), 
stained with 1% acetocarmine, squashed in 45% acetic acid, and can be stored at –80°C for up to a year. 

https://BioRender.com/400p3en
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DNA probes are labeled (Figure 2b) using non-radioactive molecules like biotin, digoxigenin, fluorescein, or 
rhodamine through techniques such as nick translation, random priming, or PCR. Detection is then 
performed using antibodies conjugated to fluorochromes or enzymes.

ISH methods (Figure 2c–g) vary depending on the approach. In non-radioactive ISH, chromosomal DNA 
is denatured with formamide and SSC at 68–70°C, the probe is applied and incubated, and hybridization 
sites are detected with streptavidin-peroxidase and developed with DAB (to be defined) and H2O2, followed 
by Giemsa counterstaining. Genomic in situ hybridization (GISH) involves fragmenting genomic DNA, 
labeling it with biotin-16-dUTP, and hybridizing similarly, using the same detection steps. In FISH, the DNA 
is denatured, the fluorescently labeled probe is hybridized, and the slides are blocked with PBS and Triton-
100, then incubated with fluorescent antibodies (e.g., FITC). A counterstain with propidium iodide allows 
the observation of fluorescent signals under a microscope, enabling precise chromosomal analysis.

In situ hybridization in biomaterials: applications and perspectives

ISH can be used to investigate how biomaterials interact with cells in a living environment. This tool is 
valuable for understanding cellular responses to implanted materials and how they interact with the 
genetic material of surrounding cells. In addition to reflecting the genetic interaction between biomaterials 
and host cells, ISH also allows for the evaluation of gene expression, immune response, and other aspects 
related to material biocompatibility. Some of the earliest applications of this technique in this field date 
back to 1996, when the Institute of Pathology and the Department of Trauma and Reconstructive Surgery in 
Germany analyzed osteoblast activity at the biomaterial-bone interface using ISH. In this study, the amount 
of mRNA expressed by osteoblasts was evaluated, confirming RNA loss during the decalcification process 
[39].

Additionally, ISH has a direct application in biomaterial development. One example is a study that 
proposed a new method for the biosynthesis of a three-dimensional scaffold using the in-situ hybridization 
of carbon nanotubes (CNT) with bacterial cellulose (BC). This method achieved homogeneous and effective 
hybridization between CNT and BC, resulting in hybrid scaffolds with excellent osteoinductive and 
osteoconductive properties. This, in turn, promoted higher bone density, improving regeneration efficiency. 
This innovation highlights the potential of ISH of three-dimensional scaffolds with nanomaterials as a new 
approach for regenerative medicine [40].

To provide a clearer and more structured overview of ISH applications in biomaterials research, 
Table 1 summarizes key case studies from the literature. These examples demonstrate how ISH has been 
used to assess biocompatibility, immune responses, and scaffold performance by targeting specific genes or 
cellular processes.

Table 1. Applications of in situ hybridization (ISH) in biomaterials

Application Type of 
biomaterial or 
system

Purpose of ISH Benefits Limitations Ref.

Evaluation of 
osteoblasts at the 
bone–biomaterial 
interface

β-tricalcium 
phosphate 
hybridized with 
procollagen

Assess the temporal 
expression of 
osteogenic genes 
during new bone 
formation

High spatial and 
temporal resolution 
detects gene activity 
associated with bone 
remodeling

RNA degradation due to 
decalcification; no signal at 
early stages

[40]

Quantification of 
mRNA expression in 
cancer tissue samples

Formalin-fixed, 
paraffin-
embedded 
(FFPE) clinical 
samples

Quantitative 
detection of nucleic 
acid biomarkers

High signal-to-noise 
ratio; suitable for 
diagnostic pathology; 
works with FFPE 
tissues; cost-effective 
and sensitive

Complex procedures, 
possible uncertainty in 
results; image quality can be 
compromised in conventional 
single-molecule FISH 
(smFISH)

[41]

Non-invasive 
detection of 
endometrial cancer 
(EC)

Vaginal swabs 
from patients 
with suspected 
EC

Identification of 
genomic imbalances 
in exfoliated tumor 
cells

Non-invasive; high 
sensitivity and negative 
predictive value

Requires validation; false 
positives are possible; relies 
on the quality of brushing and 
cell preservation

[42]
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However, the ISH technique faces limitations, such as difficulty in identifying targets with low DNA or 
RNA copy numbers. Despite this, strategies continue to be developed to improve its sensitivity, either by 
amplifying nucleic acid sequences before hybridization or by enhancing signal detection after completion 
[43]. In a study evaluating gene expression changes on biomaterial surfaces, the combination of ISH for 
mRNA extraction with real-time quantitative PCR allowed researchers to identify expressed genes. 
However, this technique did not provide information on the abundance of different cell types, which is 
problematic since inflammatory processes mainly involve neutrophils and macrophages in wound healing. 
Understanding the balance between these cells and the presence of specific macrophage subpopulations is 
crucial for a better comprehension of these processes [44].

Although there are areas requiring further development, the information obtained so far is 
fundamental to ensuring the safety and advancement of any material intended for biological applications. 
ISH is used to study the effects of biomaterials on the gene expression of exposed cells, allowing researchers 
to observe how materials influence the activation or repression of key genes for biocompatibility. For 
example, ISH can assess the expression of genes related to inflammation or cell proliferation in tissues 
interacting with implants or scaffolds.

Recombinant DNA technology
Recombinant DNA technology: a transformative tool for biomaterials

Genetic engineering has led to the development of recombinant DNA, a groundbreaking tool in modern 
molecular biology. By combining DNA sequences from different organisms, recombinant DNA allows for 
precise genetic manipulation, enabling the modification of traits and the introduction of new biological 
functions. This technology has revolutionized fields like medicine, agriculture, and biomaterials, facilitating 
advances in biotechnology with high precision and control [45]. Central to recombinant DNA technology are 
restriction enzymes, which cut DNA at specific sites, and DNA ligase, which joins the fragments to form new 
molecules. These recombinant molecules are introduced into host organisms, such as bacteria, yeast, or 
mammalian cells, where they can replicate and express proteins or molecules. This technique has enabled 
the large-scale production of human proteins, including insulin, growth factors, and monoclonal antibodies 
[45, 46].

In biomaterials, recombinant DNA technology offers new possibilities for designing functional 
materials. It allows for the modification of biological and physical properties, optimizing interactions with 
cellular and tissue environments. By introducing specific genes into cells interacting with biomaterials, 
researchers can control protein production to promote tissue regeneration, wound healing, or implant 
integration [47, 48]. A key application of recombinant DNA in biomaterials is creating platforms for 
controlled expression of bioactive molecules. For example, tissue engineering scaffolds can be designed to 
contain genetically modified cells that secrete growth factors, enhancing tissue formation. This is especially 
important in bone and cartilage regeneration, where proteins like BMP (bone morphogenetic protein) are 
essential for cellular differentiation and bone formation [49].

Recombinant DNA technology also plays a vital role in improving biomaterial biocompatibility and 
reducing immune system rejection. By incorporating genes that encode immunomodulatory molecules, 
biomaterials can be designed to regulate immune responses, minimizing inflammation and rejection in 
applications like stents, prostheses, and other medical implants [47, 48]. Additionally, recombinant DNA 
enables the development of responsive biomaterials. By incorporating genes that react to external stimuli 
like temperature, pH, or mechanical signals, biomaterials can adjust their properties in real-time to meet 
the needs of the biological environment. For example, biomaterials that release therapeutic proteins in 
response to inflammation could be used to treat conditions like rheumatoid arthritis or cancer, expanding 
the potential of recombinant DNA in personalized medicine [49].

Ultimately, recombinant DNA technology is not only advancing biomaterials but also enabling the 
creation of more accurate models for human diseases, aiding the development of new therapies. In 
summary, recombinant DNA has ushered in a new era in biomaterials science, blending biology and 
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engineering to create materials that are not only compatible but actively involved in healing and 
regeneration processes [47].

Protocol at a glance: key steps for the technique

This section outlines a generic protocol for applying recombinant DNA technology to biomaterials, which is 
graphically summarized in Figure 3. For a more detailed overview of the protocol, refer to references [50, 
51]. The process of creating recombinant DNA begins with the selection of appropriate vectors and host 
organisms (Figure 3a), where the host is chosen based on the intended biomedical application, and the 
cloning vector is a DNA molecule capable of replicating within the host while carrying the target gene. Next, 
both the vector and the target DNA are prepared (Figure 3b, c) by isolating them and using restriction 
enzymes to cut at specific sites, allowing for precise ligation. The recombinant DNA is then formed 
(Figure 3d) by combining the prepared vector and target DNA using DNA ligase, resulting in a single 
construct containing the desired gene. This recombinant DNA is introduced into the host organism through 
transformation methods such as electroporation or the use of viral vectors (Figure 3e), followed by the 
selection of host cells that successfully incorporate the recombinant DNA. Finally, detection and 
identification are carried out (Figure 3f) using techniques like PCR, restriction analysis, or sequencing to 
confirm successful incorporation, after which the recombinant DNA is expressed.

Figure 3. A schematic representation of the main steps of the recombinant DNA technology protocol, showing. a) The 
selection of the host (up) and cloning (down) cells, b) the isolation of the host (up) and cloning (down) DNA, c) the preparation 
of the host plasmid (up) and cloning (down) DNA, where the restriction enzyme has cut these molecules exposing the sticky 
ends, d) the cloning plasmid after host DNA incorporation, e) the plasmid inserted into the host cell, and f) the quantification of 
the interest gene expression via polymerase chain reaction. g) Application example: recombinant collagen–chitosan hydrogels 
prepared at three different collagen ratios (left). Hydrogels with higher recombinant collagen content promoted greater fibroblast 
DNA content (center) and increased cell proliferation over five days (right). Created in BioRender. Muñoz, P. (2025) https://
BioRender.com/lk1rhie. g) Adapted with permission from [52]. © 2021 Elsevier.

Applications of recombinant DNA in the production of biomolecules and biomaterials for 
regenerative and therapeutic medicine

Recombinant DNA technology is a fundamental tool in modern biotechnology, used to produce key 
biomolecules, such as therapeutic proteins, which are utilized in the creation of biomaterials for various 
medical interventions. Through genetic engineering, it is possible to insert genes of interest into host 
organisms such as bacteria, yeasts, or mammalian cells, enabling them to produce proteins that would 

https://BioRender.com/lk1rhie
https://BioRender.com/lk1rhie
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otherwise be difficult or costly to obtain. Clear examples include the production of human insulin, growth 
hormones, and clotting factors, which have revolutionized the treatment of diseases such as diabetes and 
hemophilia. These recombinant proteins can be integrated into biomaterials to enhance their functionality 
in medical applications, such as scaffolds for tissue regeneration or matrices for controlled drug delivery 
[51].

The first breakthrough in medical biotechnology using recombinant DNA technology was the 
production of human insulin by Genentech in the 1980s. By inserting the human insulin gene into 
Escherichia coli bacteria, a safe and efficient source of insulin for diabetes treatment was achieved. This 
recombinant insulin eliminated the dependency on animal-derived insulin, which carried the risk of 
adverse immune reactions [53]. In hemophilia A, a deficiency in coagulation factor VIII causes severe blood 
clotting issues. Recombinant DNA technology enabled the production of factor VIII in mammalian cells, 
offering a safer and purer alternative to human plasma concentrates, which carried the risk of transmitting 
viruses such as HIV and hepatitis [54]. This treatment revolutionized the lives of hemophilia patients by 
providing reliable therapy with no risk of infection.

Collagen is a structural protein essential in tissues like skin, tendons, and bones. The production of 
recombinant human collagen has been achieved by inserting collagen genes into yeast or mammalian cells. 
A notable example is the company FibroGen, which produces recombinant collagen for use in 
manufacturing dermal patches used in the healing of chronic wounds such as diabetic ulcers, offering a 
safer alternative to animal-derived collagen [55, 56]. In the field of regenerative medicine, genetically 
modified stem cells have been used to enhance tissue regeneration. An example is the use of mesenchymal 
stem cells genetically modified to express specific growth factors, such as transforming growth factor beta 
(TGF-β), which is crucial in bone tissue repair. These cells, combined with biodegradable biomaterial 
scaffolds, have demonstrated accelerated bone fracture healing in clinical trials [57, 58]. Recombinant 
collagen has been applied as hydrogels in combination with other biomolecules, such as chitosan 
(Figure 3g), obtaining that the recombinant collagen presence improves several aspects of this biomaterial, 
such as the biocompatibility of these hydrogels, cell infiltration, and accelerates wound healing [52].

Recombinant DNA technology has also benefited the development of monoclonal antibodies [59]. 
Monoclonal antibodies, such as trastuzumab (Herceptin), are recombinant proteins produced using 
recombinant DNA technology and are used to treat cancers like HER2-positive breast cancer. These 
antibodies specifically target cancer cells expressing the HER2 receptor, blocking their growth and 
signaling. Recombinant DNA technology has enabled the large-scale production of these antibodies, 
improving the treatment of aggressive cancers [60]. An emerging application is the controlled release of 
recombinant proteins through biomaterial matrices. A notable case is the development of a controlled 
release system for recombinant VEGF (vascular endothelial growth factor) to promote angiogenesis in 
tissue regeneration. This system, based on biodegradable polymers, has shown effectiveness in treating 
ischemic wounds by promoting the formation of new blood vessels [61, 62]. These key examples of 
recombinant DNA applications in regenerative and therapeutic medicine (where therapeutic medicine 
refers to medical approaches aimed at treating or curing diseases) are summarized in Table 2, highlighting 
the host systems, medical uses, and associated benefits of each strategy.

Table 2. Applications of recombinant DNA technology in biomaterials and regenerative medicine

Application Product or strategy Host system Medical purpose Benefits Ref.

Recombinant 
hydrogel 
fabrication

Recombinant human 
collagen 
(RHC)/carboxylated 
chitosan (CHI) 
hydrogels

RHC from 
engineered cells

Soft tissue engineering 
and wound healing

Avoids viral contamination and 
immunogenicity from animal 
collagen; tunable 
mechanical/degradation 
properties; promotes cell 
adhesion, proliferation, and in 
vivo wound healing

[52]

Improving the 
silk 

Transgenic silkworm 
silk expressing MaSp1-

Transgenic 
Bombyx mori via 

Increased β-sheet content 
leads to higher strength and 

Production of bionic silk 
for biomedical materials

[63]
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Table 2. Applications of recombinant DNA technology in biomaterials and regenerative medicine (continued)

Application Product or strategy Host system Medical purpose Benefits Ref.

mechanical 
properties

type repeats with 
polyalanine motifs

the piggyBac 
system

stiffness; potential for scalable 
production of high-
performance silk-based 
biomaterials

Repair of skull 
defect

TGF-β3/recombinant 
human-like 
collagen/chitosan 
(TRFS) scaffold loaded 
with human periodontal 
ligament stem cells

Recombinant 
human-like 
collagen 
(produced via 
engineered 
microbial or 
eukaryotic 
systems)

Cranial bone regeneration 
in traumatic skull defects

Enhances osteogenic 
differentiation, 
biocompatibility, and scaffold 
biodegradability; promotes 
bone regeneration via stem 
cell delivery

[64]

Osteogenic 
differentiation 
of stem cells

Graphene nanogrids 
fabricated from 
oxidatively unzipped 
multi-walled carbon 
nanotubes (rGONR 
grid)

Human 
mesenchymal 
stem cells 
(hMSCs) from 
umbilical cord 
blood

Bone tissue 
engineering/regeneration

Highly accelerated and 
patterned osteogenic 
differentiation (~2.2× vs rGO); 
enhanced cytoskeletal 
organization and 
biocompatibility

[65]

Tendon 
regeneration

Recombinant periostin 
(rPOSTN) integrated 
into an aligned collagen 
scaffold

Tendon 
stem/progenitor 
cells (TSPCs), rat 
model

Achilles tendon repair rPOSTN promotes TSPC 
proliferation and tenogenic 
potential; the scaffold supports 
hierarchical collagen 
formation; functional recovery 
in vivo is demonstrated

[66]

Polymerase chain reaction
Relationship between polymerase chain reaction and biomaterials: genetic amplification and 
molecular analysis

PCR is a fundamental technique in molecular biology that enables the amplification of specific DNA 
sequences from minimal samples. Developed by Kary Mullis in the 1980s, PCR has transformed genetic 
analysis, disease diagnostics, and biotechnology by facilitating the exponential replication of target DNA 
regions [67]. The process involves cyclic thermocycling steps: denaturation (separating DNA strands), 
primer annealing (binding of short DNA primers), and extension (DNA polymerase-driven synthesis of new 
strands). Essential reaction components include template DNA, primers, nucleotides (dNTPs), DNA 
polymerase, buffer, and Mg2+ ions. The amplified DNA can be analyzed using agarose gel electrophoresis to 
confirm successful amplification [68–70].

PCR plays a crucial role in biomaterial research by enabling the characterization of genetic material 
extracted from biological samples. It is used to identify genetic variants, analyze gene expressions, and 
investigate critical molecular interactions in fields such as tissue engineering and biomedical diagnostics 
[71–73]. Additionally, real-time PCR (RT-PCR) allows the study of RNA by converting it into complementary 
DNA (cDNA) via reverse transcription [67, 68].

This method, which is both rapid and highly efficient, has revolutionized areas like genetic research, 
molecular diagnostics, and the development of targeted therapies, among other biotechnological 
applications. PCR is a method that allows for the exponential amplification of DNA sequences. It uses a heat-
stable DNA polymerase to replicate specific DNA segments through controlled temperature cycles. This 
technique can also be adapted to RT-PCR to work with RNA, converting it to cDNA using the enzyme 
reverse transcriptase.

Protocol at a glance: key steps for the technique

This section outlines a generic PCR protocol with specific applications in biomaterials research, which is 
graphically summarized in Figure 4. PCR follows a series of essential steps to ensure successful DNA 
amplification. These steps include primer design, reaction mixture preparation, PCR execution, and thermal 
cycling adjustments. For a more exhaustive description of the procedure, it is recommended to consult 
references [74, 75].
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Figure 4. A standard quantitative-PCR method is graphically summarized, describing the main steps. a) Reaction 
mixture preparation, addition to the well plate, and introduction into the thermocycler, b) representation of a basic thermal cycle 
program, where each thermal stage: c) initiation, d) DNA denaturation, e) primer annealing, f) elongation, g) having the final 
product and a representative replication quantitative result curve. h) Application example: quantification of gene expression (IL-
6, iNOS, and ACAN) in an ex vivo model of intervertebral disc rupture treated with a collagen hydrogel (left). Results (right) 
show downregulation of the proinflammatory genes IL-6 and iNOS, and upregulation of ACAN, which encodes aggrecan, a key 
extracellular matrix protein. Created in BioRender. Muñoz, P. (2025) https://BioRender.com/jm8irwg. h) Adapted with permission 
from [24]. © 2019 Royal Society of Chemistry

Primer design

Accurate primer design is essential for PCR efficiency and specificity. Primers must bind to complementary 
DNA strands: one to the sense strand (5'→3') and the other to the antisense strand (3'→5'). Common issues 
include the formation of secondary structures such as hairpins (self-annealing), primer-dimer formation, 
and melting temperature (Tm) mismatches that interfere with proper annealing during thermal cycling. 
Optimal primers are typically 15–30 nucleotides long, have a GC content between 40–60%, and a Tm 
between 52–58°C, with no more than a 5°C difference between the forward and reverse primers. The 3' end 
should contain a G or C base to enhance stability, and complementarity between 3' ends should be avoided 
to prevent dimer formation. Repeats and homopolymeric stretches should also be minimized.

Reaction mixture preparation

A precise reaction mix is crucial for consistent PCR results. The mix includes sterile water, 10× buffer (with 
or without MgCl2), dNTPs, primers, template DNA, and DNA polymerase. Each reaction should be set up in 
clean, labeled 0.2 mL PCR tubes or a 96-well plate placed on ice. It is important to include a negative control 
(no DNA) to check for contamination, and a positive control (known DNA template and primers) to validate 
the reaction. Table 3 shows a typical concentration of the reagents that can be used during a reaction 
mixture preparation.

Table 3. Typical concentrations of the reagents are added to the reaction mixture

Component Concentration Volume

Buffer (MgCl2) 10× 5 μL
dNTPs 10 mM 1 μL
Mg2+ 1.5 mM -
Each primer 20–50 pmol -
Template DNA 1–1,000 ng 0.5 μL
DNA polymerase 0.5–2.5 units -
Water - Complete 50 μL

https://BioRender.com/jm8irwg
https://BioRender.com/jm8irwg
https://BioRender.com/jm8irwg
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Basic PCR protocol

The basic PCR protocol begins by placing PCR tubes or a 96-well plate on ice to maintain reagent stability. 
Each tube is clearly labeled using ethanol-resistant markers to prevent misidentification. The reaction 
mixture is assembled by sequentially adding sterile water, PCR buffer, dNTPs, MgCl2 (if not already included 
in the buffer), forward and reverse primers, and the DNA template. DNA polymerase is added last to 
minimize nonspecific amplification before thermal cycling. The components are mixed gently using a 
micropipette, ensuring no bubbles are formed. After sealing the tubes, they are loaded into a thermocycler 
programmed with the appropriate cycling conditions. Once the amplification process is complete, the PCR 
products are stored at 4°C. These products are subsequently analyzed using agarose gel electrophoresis, 
typically stained with ethidium bromide or a safer alternative like SYBR Safe, to visualize the amplified DNA 
fragments.

Thermal cycling conditions

PCR relies on precise and rapid temperature changes to enable DNA denaturation, primer annealing, and 
DNA strand elongation. A typical thermal program includes an initial denaturation step, followed by 25–35 
cycles of denaturation, annealing, and extension, with a final extension and cooling step (Table 4). During 
this final extension, Taq polymerase typically adds a 3' A-overhang to the amplified DNA, a feature that is 
particularly useful for TA cloning strategies.

Table 4. Typical thermal cycling conditions

Step Temperature Time Notes

Initial denaturation 94–98°C 1–3 min Longer for hot-start enzymes
Denaturation (per cycle) 94°C 10–60 s Melts DNA strands
Annealing ~Tm –5°C 30 s Depending on the primer Tm
Extension 70–75°C ~1 min per 1–2 kb 72°C is typical for Taq, 75°C for Pfu
Final extension 72°C 5 min Ensures complete product synthesis
Hold 4°C Indefinite Preserves samples until retrieval

Applications for PCR in the evaluation of biological responses to biomaterials

PCR is a key tool for assessing gene expression in response to biomaterial interactions with living tissues. It 
is widely used to study genes involved in inflammatory responses, wound healing, and tissue regeneration, 
providing insights into the biocompatibility of biomaterials.

Biomaterials, whether natural or synthetic, are designed for medical applications to restore or replace 
biological functions. Despite their promising physical, chemical, and biological properties, they do not 
always integrate seamlessly with living tissues. A common issue is the immune system recognizing the 
material as foreign, triggering an inflammatory response. PCR allows for the identification of gene 
expression changes, helping to evaluate tissue reactions at the molecular level (Table 5 summarizes 
representative examples of these applications in various tissues and biomaterials).

PCR has been applied to study biomaterial-tissue interactions in various contexts. For instance, 
biomaterial patches in the gastrointestinal tract were analyzed, revealing increased expression of the 
vitamin D binding protein in gastric tissue following implantation [79]. Similarly, in studies of bioactive 
polymer scaffolds for bone regeneration, PCR has been used to assess osteogenesis-related genes, 
demonstrating how biomaterials influence stem cell differentiation into osteoblasts [80]. In cardiac tissue 
engineering, PCR has helped monitor the gene expression in biomaterial grafts that simulate myocardium, 
identifying materials that promote integration without chronic inflammation [81, 82]. Even this technique 
has been helpful to determine if modified collagen hydrogels can modulate the inflammatory response, 
promote regeneration in ex vivo intervertebral discs rupture models, by quantifying the expression of 
genes that code inflammatory cytokines IL-6 and iNOS, and the extracellular matrix protein aggrecan 
(Figure 4h) [24].
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Table 5. Applications of PCR in the evaluation of biological responses to biomaterials

Application Target genes Model or system Biological purpose Benefits Ref.

Quantification of the 
expression of 
inflammation/regeneration

IL6, iNOS, 
ACAN

Ex vivo model of 
intervertebral disc 
degeneration

Evaluate the 
effectiveness of the 
treatment with collagen 
hydrogels to promote 
immunomodulation

Real-time tracking of 
the effectiveness of 
the treatment on the 
inflammatory 
pathology

[24]

Plasmonic thermocycling RT-
qPCR for rapid diagnostics

SARS-CoV-2 
RNA (including 
variants)

Human saliva and 
nasal specimens 
with a plasmonic 
nanoparticle-
enhanced PCR 
system

Real-time detection and 
quantification of viral 
RNA in clinical samples

High sensitivity and 
specificity, reduced 
thermocycling time, 
compact and portable 
for point-of-care 
diagnostics

[76]

Evaluation of cardiac tissue 
response to conductive 
hydrogel

Cardiac-specific 
markers

Mouse intracardial 
injection model; 3D 
culture of human 
iPSC-derived 
cardiomyocytes

To assess the 
biocompatibility and 
functional integration of 
reverse thermal hydrogel 
in cardiac tissue 
engineering

Enables minimally 
invasive delivery, in 
situ gelation, and 
evaluation of cardiac 
gene expression 
profiles

[77]

Improvement of 
decellularized extracellular 
matrix scaffolds for liver 
bioengineering

Nano-graphene 
oxide 
crosslinked 
decellularized 
liver scaffold

Mouse liver failure 
model

Liver tissue 
regeneration: an 
alternative to donor 
organ transplantation

Inhibits enzymatic 
degradation (MMPs); 
promotes M2 
macrophage 
polarization; reduces 
inflammation; 
improves scaffold 
longevity and function

[78]

MMPs: matrix metalloproteinases; M2 macrophage: immune cells associated with a prohealing phenotype

In research on biocompatibility, PCR has been used to evaluate inflammatory markers such as IL-6 and 
TNF-α in macrophages interacting with biomaterials, providing critical data for optimizing material design 
[83, 84]. PCR has also been employed to study angiogenesis by analyzing VEGF expression in tissues 
implanted with bioactive scaffolds, which is essential for applications requiring vascularization, such as 
chronic wound healing [85]. Additionally, in nerve regeneration studies, PCR has been used to measure the 
expression of NGF and BDNF, which are crucial for neuronal survival and repair, helping identify 
biomaterials that support nerve growth [86].

In bone regeneration, PCR has been applied to analyze gene expressions in response to materials like 
hydroxyapatite and bioglass, focusing on markers such as RUNX2 and ALP, which are essential for 
osteointegration [87]. Understanding the molecular response to biomaterials is fundamental for improving 
their design and ensuring their functionality without triggering adverse biological reactions.

Despite its advantages, PCR has limitations. Sample preparation is critical for accurate results, and 
conventional PCR requires complementary techniques like gel electrophoresis for interpretation. RT-PCR 
enables precise quantification but requires specialized equipment and strict sample handling. Additionally, 
the technique is limited in amplifying long DNA sequences, which can be a constraint in complex 
biomaterial studies [88, 89].

PCR remains an essential technique for evaluating biomaterial tissue interactions, providing valuable 
information for the development of more effective and biocompatible medical materials.

Immunocytochemistry
Immunocytochemistry in the evaluation of biomaterials: fundamentals, methods, and applications

ICC is a powerful technique for visualizing cell proteins using labeled antibodies. Developed in the 1940s by 
A.H. Coons, it has since evolved into a crucial method in histopathology, cytopathology, and biomedical 
research. ICC can be applied to both cultured cells and tissue sections using fluorescence or visible light 
microscopy, depending on the marker [90, 91]. A key feature of ICC is its ability to be used in both animal 
and plant cells, provided a specific antibody is available. This technique relies on antigen-antibody 
interactions, allowing precise protein localization. The specificity of antibodies enables the detection of 
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minimal antigen amounts, making ICC a highly sensitive method. Advances in antibody generation continue 
to expand its applications [92, 93]. Initially, ICC was limited to cultured cells, while IHC was reserved for 
paraffin-embedded tissues. Today, ICC is widely used for formaldehyde-fixed animal tissues, which can be 
cryosectioned and incubated with antibodies [94].

The core principle of ICC is the antigen-antibody reaction. Antibodies, produced by the immune system 
in response to antigens, can be purified and conjugated with fluorescent dyes for detection. ICC employs 
two types: polyclonal antibodies, which recognize multiple epitopes of an antigen, and monoclonal 
antibodies, which bind to a single epitope [95, 96]. For instance, a polyclonal antibody against actin can be 
generated by injecting purified actin into a rabbit, triggering an immune response. The resulting antibodies 
are then isolated and labeled for use in ICC [97]. ICC techniques include: i) Direct Immunocytochemistry: 
Uses a primary antibody directly conjugated to a fluorophore or enzyme. While simple, it has limited 
sensitivity [98]. ii) Indirect Immunocytochemistry: Enhances sensitivity by using an unlabeled primary 
antibody, followed by a labeled secondary antibody that binds to the primary. This amplification improves 
detection and reduces the need for labeling multiple primary antibodies individually [99].

Detection markers vary depending on the application. Fluorescent dyes allow imaging with 
fluorescence or confocal microscopy, enzymatic markers like peroxidase enable colorimetric detection 
under a light microscope, and colloidal gold nanoparticles are used in electron microscopy [100]. ICC is 
extensively used in oncology for detecting tumor biomarkers, as well as in basic research to study protein 
distribution in cells and tissues. It has been instrumental in understanding processes such as the cell cycle, 
apoptosis, and intracellular signaling [101–103].

Protocol at a glance: key steps for the technique

This section outlines a standardized protocol for ICC with specific applications in biomaterials research, 
which is graphically summarized in Figure 5. For a more detailed procedure, refer to references [104–106].

Figure 5. A basic immunocytochemistry method is graphically summarized, describing the main steps. a) Cell culture, b) 
cell fixation, membrane permeation, protein blocking, and primary antibody incubation, c) secondary antibody incubation, and 
nuclear staining, d) coverslip mounting and visualization. e) Example application: Immunocytofluorescence was used to 
evaluate the inflammatory response of macrophages to silicon nanoparticles. The expression of the proinflammatory molecule 
iNOS was detected (right) after stimulation with different nanoparticle doses (left). Notably, only the 40 μg/mL dose induced 
green-fluorescent labeling of iNOS. Created in BioRender. Muñoz, P. (2025) https://BioRender.com/15xojll. e) Adapted with 
permission from [107]. © 2023 American Chemical Society

Preparation of coverslips and cell seeding

To prepare coverslips (Figure 5a), German glass coverslips are first placed in a holder to allow solution 
access to both sides. They are incubated in a 1% Liquinox solution for 10 minutes, followed by three washes 
with deionized water to remove detergent residue. Coverslips are then incubated in 1 M HCl for 30 minutes, 
rinsed again three times with deionized water, and dried overnight at 65°C. Once dry, they are transferred 

https://BioRender.com/15xojll
https://BioRender.com/15xojll
https://BioRender.com/15xojll
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to a clean glass plate and sterilized by autoclaving. For optimal cell adhesion, sterile coverslips are placed in 
a multiwell plate under a laminar flow hood. A coating step begins with the application of 10 µg/mL poly-L-
lysine D in sterile water, incubated for 5 minutes at room temperature. After removing the poly-L-lysine, 
the coverslips are incubated with 20 µg/mL laminin in EMEM medium for 4 hours or overnight at 37°C. 
Finally, the coverslips are rinsed with PBS before use. Cells are seeded onto the prepared coverslips at a 
density of 100,000 to 300,000 cells/mL per well and incubated at 37°C to allow adherence for at least 4 
hours. At this stage, cells can optionally be stimulated with experimental biomaterials, depending on the 
specific design of the study.

Fixation, permeabilization, blocking, and primary antibody incubation

Fixation begins with the preparation of a paraformaldehyde-based fixative (Figure 5b), carefully pH-
adjusted to dissolve without heat. After removing the culture medium, pre-warmed fixative is added to the 
cells and incubated for 5 to 15 minutes at room temperature (typically 10 minutes). Fixative is then 
properly discarded as hazardous waste, and cells are washed three times with PBS (5 minutes each wash), 
avoiding any drying between steps. For intracellular antigens, permeabilization is performed by adding 
0.3% Triton X-100 in PBS. Due to its viscosity, Triton X-100 should be added slowly to ensure complete 
dissolution. Cells are incubated with this solution for 5 minutes, followed by three PBS washes. Blocking is 
conducted with 5% bovine serum albumin (BSA) in PBS, filtered through a 0.45 µm syringe filter. Cells are 
incubated with the blocking solution for 1 hour at room temperature. Subsequently, the primary antibody is 
diluted in 1% BSA in PBS and applied to a parafilm-covered glass plate (30 µL for 25 mm coverslips, 20 µL 
for 18 mm, or 15 µL for 12 mm). Coverslips are placed cell-side down onto the antibody droplets, covered 
with another layer of parafilm, and incubated overnight at 4°C.

Washing, secondary antibody incubation, nuclear staining, and mounting

After primary antibody incubation (Figure 5c, d), the parafilm is carefully removed, and coverslips are 
inverted into a plate with PBS, ensuring cells face up. Coverslips are washed three times with PBS for 5 
minutes each. Secondary antibodies specific to the species of the primary antibody are diluted in 1% BSA in 
PBS. If multiple primary antibodies are used, they must originate from different species or isotypes to allow 
selective detection. Coverslips are incubated with the secondary antibody for 2 hours at room temperature 
in the dark to protect fluorescent signals. For nuclear staining, cells are washed twice with PBS, then 
incubated for 1 minute in Hoechst stain (2 µg/mL in PBS). If signal intensity is insufficient, incubation time 
or concentration may be increased. A final PBS wash is performed before mounting. To mount coverslips, a 
drop of fluorescence-compatible mounting medium is applied to the slide: 12 µL for 25 mm coverslips, 6 µL 
for 18 mm, or 3 µL for 12 mm. The back of the coverslip is rinsed with deionized water to remove salt 
residues and gently dried. Coverslips are then placed cell-side down onto the mounting medium, avoiding 
air bubbles. Slides are labeled with the date and sample details and dried in the dark. Excess mounting 
medium can be removed with gentle suction, and edges may be sealed with nail polish for long-term 
storage. Prepared slides should be stored at –20°C.

Immunochemical techniques in the evaluation of biomaterials: applications, challenges, and 
perspectives

ICC enables the analysis of cellular interactions with biomaterials by identifying key proteins involved in 
adhesion, proliferation, and differentiation. These techniques have revolutionized biomaterials research by 
providing detailed insights into the physiological responses triggered by implants [108–110]. Initially, 
biomaterials were designed to minimize immune responses and avoid rejection or chronic inflammation. 
However, advances in regenerative medicine have shifted the focus toward bioactive biomaterials capable 
of modulating cellular responses to promote tissue regeneration [1–3].

For instance, in bone regeneration, biomaterials should not only be biocompatible but also stimulate 
osteoblast activity. Here, immunochemical techniques play a crucial role by enabling the analysis of these 
complex interactions, providing detailed information on how cells respond to different implanted materials 
[111, 112]. Immunocytochemical studies have evaluated titanium surfaces for cell adhesion, revealing that 



Explor BioMat-X. 2025;2:101344 | https://doi.org/10.37349/ebmx.2025.101344 Page 16

differentiated osteoblasts respond favorably to surface roughness while stem cells proliferate 
independently of topography [108]. This type of analysis is essential for developing optimized surfaces for 
medical implants, as cell adhesion and proliferation are determinants of implant success. Similarly, collagen 
matrices for urethral reconstruction in rabbits demonstrated proper integration and muscle fiber 
organization six months post-implantation [113]. Hydroxyapatite implants have been analyzed using IHC, 
revealing increased expression of osteopontin and TGF-β, key markers of osteogenesis [114]. In vascular 
engineering, electrospun polymer grafts assessed with endothelial markers (CD31, vWF) demonstrated 
new blood vessel formation and cellular integration in rat models, while recent advances in microvascular 
tissue engineering explore biofabrication strategies such as extrusion-based and droplet-based bioprinting, 
Kenzan, and biogripper techniques to create nano- and micro-sized aggregates and microspheres that 
mimic capillary networks through the inclusion of specific cell types and proangiogenic factors [115, 116].

Collagen scaffolds modified with silver nanoparticles (AgNPs) have been shown to reduce 
proinflammatory macrophages (CD68) and increase reparative macrophages (CD206), creating a favorable 
environment for wound healing [117]. Additionally, cross-linked collagen hydrogels either containing 
colloidal silica or modified with epoxyeicosatrienoic acids promoted an anti-inflammatory macrophage 
response, identified via CD206 immunostaining [14, 24, 25, 118]. The immunomodulatory effect of plain 
silicon nanoparticles has been evaluated, where immunocytofluorescence has been used to prove that the 
inflammatory response of macrophages to these particles can be dose-regulated, proving that doses over 
40 μg/mL promote the expression of the proinflammatory cytokine iNOS (Figure 5e), while lower doses 
promote the expression of the antiinflammatory molecules CD206 and TLR1 [107].

Myocardial patches using induced pluripotent stem cells (iPSCs) on fibrin gel scaffolds have been 
evaluated through immunohistochemical techniques, confirming differentiation into cardiomyocytes via 
troponin I and α-actinin expression [119, 120]. Controlled drug release systems using biodegradable PLGA 
polymers have been studied in animal models, with immunohistochemical analysis revealing an initial 
inflammatory response that was mitigated over time by integrated anti-inflammatory drugs, demonstrating 
their potential for chronic inflammatory conditions [121, 122].

Despite their advantages, immunochemical techniques have limitations, including potential errors in 
sample preparation, antibody concentration optimization, and cross-reactivity. Fluorescence-based 
methods require careful selection of filters and lasers to prevent signal interference [123, 124]. Future 
developments in 3D bioprinting and tissue engineering will increasingly rely on ICC to evaluate cellular 
responses to novel biomaterials. The integration of these techniques with super-resolution microscopy and 
single-cell protein analysis will deepen our understanding of biomaterial-cell interactions, opening new 
frontiers in regenerative medicine and personalized therapies [104].

Immunohistochemistry
Fundamentals of immunohistochemistry and its application in biomaterials

IHC is a technique that enables the localization of proteins in tissue sections, allowing for the visualization 
of molecular structures using enzymatic or fluorescent detection methods [124, 125]. Combining principles 
from immunology, histology, and chemistry, IHC plays a crucial role in biomaterials research by identifying 
biological markers related to inflammation, wound healing, angiogenesis, apoptosis, and tissue 
regeneration [126–133]. Scientific literature provides guides, protocols, and textbooks that are essential for 
those seeking to deepen their use of IHC and achieve proper preparation for biomaterial evaluations. 
Biocompatibility is fundamental for medical applications, as it defines a material’s ability to interact with 
biological systems without adverse effects. IHC is widely used to evaluate biomaterials in both in vivo and 
in vitro studies, providing insights into immune responses and tissue integration [6, 126].

The technique relies on antibodies, primarily from the IgG class, which specifically bind to target 
antigens [125, 134]. Detection can be direct, where the primary antibody is conjugated with a marker, or 
indirect, using a secondary antibody to enhance signal sensitivity [135]. Fluorescent markers are preferred 
for frozen tissues, while enzymatic labels are used in formalin-fixed, paraffin-embedded samples [136]. 
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Proper tissue fixation is essential for preserving molecular structures. Cross-linking fixatives, such as 
formaldehyde, stabilize proteins, whereas precipitating fixatives, like alcohols, remove water to preserve 
tissue morphology [125]. Both types are selective for proteins, while lipids and carbohydrates remain 
trapped within them.

Fixation methods include perfusion, distributing the fixative through the vasculature, immersion, and 
submerging tissue in a fixative solution [125]. Samples are then sectioned into thin slices (5–15 µm) for 
microscopic analysis. Frozen tissue preparation requires precision to prevent ice crystal formation, which 
can damage cellular structures. A sucrose solution is often used to protect tissue integrity before 
embedding in a suitable compound for sectioning and analysis [137]. These controlled procedures ensure 
optimal conditions for IHC, enhancing the accuracy of biomaterial evaluations.

Protocol at a glance: key steps for the technique

This section describes a general IHC protocol with specific applications in biomaterials research, which is 
graphically summarized in Figure 6. Refer to references [138, 139] for a more comprehensive description. 
The IHC process is summarized below.

Figure 6. An immunohistochemistry method is graphically summarized, describing the main steps. a) Tissue fixation, b) 
tissue processing and block formation, c) tissue sectioning, d) epitope recuperation, e) protein and endogenous enzyme 
blocking, f) detection system and counterstaining, and g) visualization. h) Example application: Immunohistofluorescence was 
used to evaluate osteoimmunomodulatory effects of composites (left). Expression of the M1 macrophage marker CD80 was 
detected using red-fluorescent labeling (right). Results show that composites containing catalase did not promote this undesired 
inflammatory response. Created in BioRender. Muñoz, P. (2025) https://BioRender.com/1hs3m5j. h) Adapted from [140]. © The 
Author(s) 2024. Licensed under a CC-BY 4.0

Tissue handling, fixation, and processing

Proper tissue fixation is critical for IHC reproducibility. Surgical specimens are typically fixed in 10% 
buffered formalin for 24 hours at room temperature, maintaining a tissue-to-fixative volume ratio between 
1:1 and 1:20. Alternatively, frozen sections may be used, requiring specific protocols [124]. After fixation, 
tissues undergo dehydration through a graded ethanol series (50% to 98%) using a tissue processor, 
followed by paraffin infiltration. Each step generally lasts one hour. The processed tissues are then 
embedded into paraffin blocks for subsequent sectioning.

Sectioning, storage, and epitope retrieval

Paraffin-embedded tissues are sectioned at approximately 4 µm thickness. Prolonged storage, particularly 
beyond two months, may cause epitope degradation and affect staining quality. Since fixation can mask 
epitopes, a retrieval step is necessary. Heat-induced epitope retrieval (HIER), commonly performed at 
120°C for 2 minutes, is used to enhance antibody binding and signal sensitivity.

https://BioRender.com/1hs3m5j
https://BioRender.com/1hs3m5j
https://BioRender.com/1hs3m5j
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Blocking steps

To reduce background staining and improve specificity, two types of blocking are implemented. First, 
protein blocking prevents the nonspecific binding of antibody Fc regions. Common reagents include 5–10% 
normal serum, 0.1–0.5% BSA, gelatin, or skim milk. The incubation ranges from 30 minutes to overnight at 
room temperature or 4°C. Second, endogenous enzyme blocking prevents false signals: 3% hydrogen 
peroxide is used to inhibit peroxidases, 10 mM levamisole for alkaline phosphatases, and avidin/biotin 
steps for endogenous biotin.

Antibody incubation and detection

Primary antibodies are applied after blocking, typically diluted in 1% BSA in PBS, and incubated overnight 
at 4°C. Detection is performed using species-specific secondary antibodies conjugated to enzymes or 
fluorophores. Systems such as avidin-biotin complex (ABC), streptavidin-biotin, polymer-based detection, 
and tyramide signal amplification are commonly used. The latter two enhance detection sensitivity 
significantly, up to 50-fold. Automated IHC platforms offer high reproducibility, though they may limit 
flexibility in reagent or protocol selection.

Counterstaining, visualization, and mounting

Following secondary antibody incubation, tissue sections are counterstained to provide contrast. 
Hematoxylin is commonly used, though multiplex IHC may involve diverse counterstains for target 
discrimination. Finally, stained slides are visualized using light or fluorescence microscopy, depending on 
the labeling method.

Application of immunohistochemistry in biomaterials research: evaluating biocompatibility and 
tissue regeneration

IHC is a powerful tool for evaluating how biomaterials influence biocompatibility by analyzing 
inflammatory, angiogenic, and apoptotic markers in surrounding tissues. This technique enables the 
investigation of tissue-biomaterial interactions, providing insights into specific proteins associated with 
cellular responses such as adhesion, proliferation, and differentiation within the tissue context. 
Understanding these molecular-level interactions is crucial for assessing how implanted biomaterials 
modulate cellular behavior within tissues. By allowing the precise localization of key proteins, IHC has 
revolutionized biomaterials research, offering a detailed perspective on physiological processes triggered 
in response to implants [141].

In a study on hyaluronic acid-based hydrogels for IL-10 delivery in idiopathic pulmonary fibrosis (IPF), 
IHC played a critical role in identifying and quantifying fibrosis-related markers and cellular activity in lung 
tissue treated with IL-10 hydrogels. Using specific antibodies, IHC detected proteins associated with 
fibrosis, such as type I collagen and TGF-β, in tissue sections obtained after intratracheal administration of 
the treatment in a murine model. This allowed for an assessment of IL-10’s antifibrotic effects, 
demonstrating a reduction in collagen expression and decreased activation of fibroblasts and 
myofibroblasts in lung tissue. IHC provided detailed histological and molecular insights into treatment-
induced changes, confirming the potential of this IL-10 delivery system in mitigating fibrosis progression 
and preserving lung structure [142].

In a study on calcium carbonate (CaCO3)-based composite hydrogels for bone regeneration, IHC played 
a critical role in identifying and quantifying osteoimmunomodulatory markers and cellular activity in bone 
defects treated with BMP-2 and catalase (CAT)-loaded hydrogels. Using specific antibodies, IHC detected 
proteins associated with inflammation and bone healing, such as CD80 and CD206, in tissue sections 
obtained after implantation in an animal model. This allowed for an assessment of the hydrogel’s ability to 
regulate macrophage polarization, demonstrating that CAT presence in the composites downregulated the 
expression of CD80 (Figure 6h), and upregulated the expression of CD206, associated with 
proinflammatory M1, and anti-inflammatory macrophage phenotypes, respectively. Additionally, IHC 
provided detailed histological and molecular insights into treatment-induced changes, confirming the 
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potential of this biomaterial to modulate the bone microenvironment, enhance osteogenesis, and promote 
bone defect healing [140].

Similarly, in tissue regeneration studies, IHC was used to evaluate the efficacy of bioactive polypeptide 
hydrogels (QK-SF) in modulating macrophage polarization and promoting skin regeneration in a murine 
wound model. IHC enabled the visualization and quantification of macrophage subpopulations in wound 
tissue, highlighting the shift from proinflammatory M1 macrophages to pro-healing M2 phenotypes. This 
was evidenced by an increase in M2-specific markers and a reduction in M1 markers in skin sections 
treated with the hydrogel. Additionally, IHC facilitated the assessment of keratinocyte differentiation and 
collagen deposition, providing a comprehensive view of tissue healing and regeneration. The findings, 
supported by in vitro data, reinforced the conclusion that QK-SF hydrogel not only promotes angiogenesis 
but also regulates immune responses, making it a promising candidate for tissue engineering and wound 
healing applications [143].

In the context of coronary artery disease treatment, IHC was utilized to assess the effectiveness of an 
immunomodulatory biomaterial in macrophage polarization and cardiac tissue regeneration following 
myocardial infarction. IHC analyses of heart tissue sections from rats treated with alginate gels loaded with 
immunomodulatory factors, such as colony-stimulating factor (CSF-1) and anti-inflammatory interleukins 
(IL-4/6/13), revealed the expression of markers associated with prohealing macrophages. This indicated a 
cellular shift toward phenotypes that support tissue repair. Furthermore, IHC was complemented by 
echocardiography to evaluate overall cardiac function, providing a comprehensive assessment of the 
treatment’s impact on myocardial recovery. The results underscored the therapeutic potential of the 
proposed biomaterial, demonstrating its ability to modulate immune responses and enhance cardiac 
function, suggesting a novel approach for ischemic tissue revascularization [144].

In a study on pelvic organ prolapse (POP), IHC was employed to evaluate the effectiveness of a 
biologically functionalized hydrogel in promoting connective tissue repair in abdominal wounds in rabbits. 
IHC analysis of fibroblast regeneration markers in tissue sections obtained after injection of polyisocyanide 
(PIC) hydrogel provided insights into new tissue growth and immune activity at the hydrogel-tissue 
interface, indicating a favorable therapeutic response. Additionally, IHC identified cellular composition 
changes and extracellular matrix remodeling, crucial for understanding how hydrogel injection enhances 
collagen deposition and tissue stiffness over time compared to controls. These findings support the 
hypothesis that PIC hydrogel induces a regenerative fibroblast response, offering an innovative solution for 
improving surgical outcomes in POP patients and motivating further translational research [145].

Decellularized bronchial grafts have been investigated as promising biomaterials for airway 
reconstruction, addressing a critical clinical need. These grafts, derived from porcine lungs, demonstrated 
effective integration with native tissue and epithelial layer formation, as evidenced by histological and 
electron microscopy analyses. IHC revealed proper revascularization, with positive CD31 staining 
indicating a favorable healing environment. Although a slight reduction in tensile strength was observed 
after one month, it was restored within two months. The immune response to the grafts was comparable to 
that of autografts, suggesting that these biomaterials are safe and could be applied clinically for tracheal 
reconstruction, offering innovative solutions for patients with airway defects [146].

Overall, IHC is an essential tool in biomaterials research, allowing for the assessment of graft-host 
tissue interactions. This technique provides critical insights into processes such as revascularization, re-
epithelialization, and immune responses, offering valuable information on biomaterial efficacy and safety in 
tissue regeneration. Highlighting its significance underscores the crucial role of IHC in advancing 
regenerative therapies and its potential to improve clinical outcomes across various biomedical 
applications.

Discussion, current challenges, and future perspectives
The biological evaluation of biomaterials requires selecting techniques that provide specific and detailed 
information about their impact at the cellular and molecular levels. ISH enables the identification of spatial 
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gene expression patterns, such as those associated with inflammatory or regenerative responses, providing 
localized analysis of gene expression in cells and tissues in contact with the biomaterial. PCR is essential for 
measuring gene expression in cells exposed to biomaterials, allowing the detection of inflammatory genes 
and markers of different cellular responses. ICC and IHC techniques complement this perspective by 
offering visualization of protein distribution in cells and tissues. While ICC is ideal for observing changes in 
cells directly interacting with the material, IHC allows the assessment of tissue responses, detecting 
indicators of biocompatibility or inflammation at the implantation site [50, 68, 124, 141, 147]. Recombinant 
DNA technology facilitates the genetic modification of cells to induce the production of specific proteins, 
enhancing material biocompatibility or promoting cell adhesion and proliferation. However, significant 
challenges exist in applying these techniques to biomaterials. Material-tissue interactions can affect result 
accuracy, as certain materials, such as synthetic polymers or metals, interfere with detection probes used in 
ICC and IHC studies. Additionally, the structural and compositional properties of biomaterials may require 
specific adjustments in sample fixation and preparation protocols to preserve their integrity and obtain 
reliable data. Overcoming these challenges involves establishing specialized preparation procedures, such 
as microtomy techniques, and optimizing fixatives according to material type [148].

One of the biggest obstacles is the complex interaction between the material and tissue: Designed to 
integrate into biological systems, biomaterials can modify sample quality, particularly in techniques like ICC 
and IHC. Since these techniques rely on antibody interactions with specific proteins, autofluorescence or 
the physical properties of many materials can interfere with the signal. This issue is particularly 
problematic in structurally complex materials or those requiring multiple fixation layers to preserve tissue 
integrity. To address these issues, protocol adjustments are necessary, such as modifying fixation methods 
and using additional blocking steps to minimize unwanted signals and autofluorescence. Furthermore, the 
hardness or flexibility of some biomaterials poses a challenge in obtaining uniform sections for analysis, 
requiring specialized microtomes [24, 149]. Sample preparation is also critical for bioactive and porous 
materials, such as scaffolds for tissue regeneration. The structural complexity and porosity of these 
materials can hinder the penetration of fixatives and reagents, affecting protein preservation and the 
cellular architecture of interest. Therefore, pilot tests are necessary to optimize each step of the protocol, 
from fixative concentrations to specific incubation times. The lack of standardized procedures adds another 
layer of difficulty, as each new biomaterial may require a different protocol, increasing costs and reducing 
reproducibility across laboratories [150, 151].

Traditional biotechnologies such as ISH, recombinant DNA technology, PCR, and ICC or histochemistry 
play a pivotal role in advancing biomaterials science by providing detailed molecular and cellular insights 
into biomaterial–tissue interactions. ISH provides spatial resolution of gene expression patterns, facilitating 
the elucidation of localized cellular responses to biomaterials. Recombinant DNA technology enables the 
engineering of bioactive molecules that are incorporated into materials to enhance their functionality and 
biocompatibility. PCR techniques allow rapid and sensitive quantification of gene expression changes 
associated with inflammation, regeneration, and cellular differentiation, accelerating biomaterial 
evaluation. Immunocytochemical and histochemical methods reveal protein localization and cellular 
phenotypes critical for understanding tissue integration and immune modulation. While each technique has 
limitations, their combined application offers a powerful toolkit that drives the design of smarter, more 
effective biomaterials tailored for regenerative medicine and personalized therapies.

Regarding future perspectives, advances in analytical techniques are opening new opportunities to 
characterize biomaterials more comprehensively and accurately. Omics technologies, such as 
transcriptomics and proteomics, allow researchers to analyze how biomaterials affect gene expression and 
the cellular proteomic profile, offering an integrated view of the biomaterial’s impact. These technologies 
can help identify specific biocompatibility or inflammation biomarkers for each material type, promoting 
the design of personalized biomaterials for regenerative medicine and implants. In parallel, electrically 
conductive scaffolds, including carbon-based biomaterials that are designed for cardiac tissue regeneration, 
require detailed evaluation of gene and protein expression associated with electrical integration, 
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contractility, and inflammatory modulation [152]. Additionally, omics analyses can reveal metabolic 
pathways altered by biomaterials, providing insights into their systemic effects [153, 154]. Another 
relevant advancement is the integration of 3D imaging, such as fluorescence tomography, confocal 
microscopy, and second harmonic generation microscopy, which enables visualization of biomaterial-tissue 
interactions in a 3D context. This approach is particularly useful for complex biomaterial designs, such as 
those used in bioprinting and three-dimensional scaffolds, where spatial arrangement is crucial for material 
functionality. 3D imaging allows researchers to observe cell distribution around the biomaterial, assess cell 
penetration depth into the scaffold, and detect inflammatory or regenerative signals in different regions. 
Additionally, 3D analysis provides the advantage of real-time dynamic tracking, enabling the observation of 
material-tissue interaction evolution, which is essential for evaluating implant durability and 
biocompatibility [155, 156]. Finally, automation and artificial intelligence (AI) are becoming increasingly 
relevant in biomaterial characterization. With AI, it is possible to analyze large volumes of gene expression 
data, proteomic profiles, or 3D images quickly and accurately, facilitating the identification of complex 
patterns in cellular and tissue responses to biomaterials. AI and machine learning can also be applied to 
predict how different cell types will respond to new biomaterials, optimizing their design before preclinical 
or clinical studies. Together, these innovations not only help overcome current challenges but also pave the 
way for the development of more effective and specific biomaterials capable of optimal integration into 
tissues and with high potential for applications in personalized and regenerative medicine [157].

Final remarks
The molecular biology techniques presented in this article are fundamental tools for analyzing and 
improving the interaction between biomaterials and biological systems. These methodologies enable a 
detailed and quantitative study of critical aspects of biocompatibility and cellular response, contributing to 
a deeper understanding of the molecular processes activated in the presence of these materials. Gene 
expression, in cells and tissues in contact with biomaterials, is assessed by PCR, which allows us to quantify 
the expression of specific genes related to processes or indicators that reveal whether the material is well 
tolerated or induces an adverse response. IHC and ICC complement this approach by allowing visualization 
of the distribution and localization of key proteins, either in surrounding tissues responding to the material 
or in individual cells encountering the material. The integration of these methodologies into biomaterials 
research not only strengthens the development of safe and effective medical devices but also accelerates 
the creation of advanced treatments, particularly using the principles of regenerative medicine and tissue 
engineering. These techniques allow biomaterials to be adjusted or enriched to better adapt to the 
biological environment, facilitating the development of customized devices and materials. The exploration 
of biomaterial-based innovative strategies worldwide will be promoted by incorporating molecular biology 
techniques. This article thus serves as a valuable guide for those interested in molecular biology applied to 
biomaterials, as it provides an overview of tools and their applications. With knowledge of these 
techniques, new researchers are better prepared to contribute to the design of next-generation 
biomaterials, which will positively impact health and the future of medicine.

Abbreviations
AI: artificial intelligence

BC: bacterial cellulose

BMP: bone morphogenetic protein

BSA: bovine serum albumin

CAT: catalase

cDNA: complementary DNA

CNT: carbon nanotubes

FISH: Fluorescent in situ hybridization



Explor BioMat-X. 2025;2:101344 | https://doi.org/10.37349/ebmx.2025.101344 Page 22

ICC: immunocytochemistry

IHC: immunohistochemistry

ISH: in situ hybridization

PCR: polymerase chain reaction

POP: pelvic organ prolapse

RT-PCR: real-time polymerase chain reaction

TGF-β: transforming growth factor beta

Tm: melting temperature

VEGF: vascular endothelial growth factor

Declarations
Acknowledgments

The authors thank Daniela P. Gárnica-Robledo and Karla P. Martínez-Velázquez for their valuable 
collaboration during the conception of the idea of this article.

Author contributions

PUMG: Conceptualization, Writing—original draft. LOEM: Conceptualization, Writing—original draft. DSR, 
JMM, JSL, USA: Writing—original draft. BMN: Writing—original draft, Writing—review & editing.

Conflicts of interest

The authors declare that they have no competing interests.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

LOEM thanks Mexico’s Secretary of Sciences, Humanities, Technology and Innovation (SECIHTI) and the 
University of Guanajuato for the given scholarships. We thank SECIHTI for project CF-2023-I-2285. The 
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the 
manuscript.

Copyright

© The Author(s) 2025.

Publisher’s note
Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations 
and maps. All opinions expressed in this article are the personal views of the author(s) and do not 
represent the stance of the editorial team or the publisher.



Explor BioMat-X. 2025;2:101344 | https://doi.org/10.37349/ebmx.2025.101344 Page 23

References
Todros S, Todesco M, Bagno A. Bagno Biomaterials and Their Biomedical Applications: From 
Replacement to Regeneration. Processes. 2021;9:1949. [DOI]

1.     

Biomaterial Technologies [Internet]. National Institutes of Health; [cited 2024 Oct 16]. Available 
from: https://www.nibib.nih.gov/science-education/science-topics/biomaterial-technologies?

2.     

Ratner BD. A History of Biomaterials. In: Hoffman AS, Schoen FJ, Lemons JE, editors. Biomaterials 
Science. 3rd ed. Academic Press; 2013. pp. 41–53. [DOI]

3.     

Farag MM. Recent trends on biomaterials for tissue regeneration applications: review. J Mater Sci. 
2023;58:527–58. [DOI]

4.     

Wang Y, Wang Z, Dong Y. Collagen-Based Biomaterials for Tissue Engineering. ACS Biomater Sci Eng. 
2023;9:1132–50. [DOI] [PubMed]

5.     

Jurak M, Wiącek AE, Ładniak A, Przykaza K, Szafran K. What affects the biocompatibility of polymers? 
Adv Colloid Interface Sci. 2021;294:102451. [DOI] [PubMed]

6.     

Huang Y, Li P, Zhao R, Zhao L, Liu J, Peng S, et al. Silica nanoparticles: Biomedical applications and 
toxicity. Biomed Pharmacother. 2022;151:113053. [DOI] [PubMed]

7.     

Kostarelos K, Vincent M, Hebert C, Garrido JA. Graphene in the Design and Engineering of Next-
Generation Neural Interfaces. Adv Mater. 2017;29:1700909. [DOI] [PubMed]

8.     

Akhavan O. Graphene scaffolds in progressive nanotechnology/stem cell-based tissue engineering of 
the nervous system. J Mater Chem B. 2016;4:3169–90. [DOI] [PubMed]

9.     

Amani H, Mostafavi E, Arzaghi H, Davaran S, Akbarzadeh A, Akhavan O, et al. Three-Dimensional 
Graphene Foams: Synthesis, Properties, Biocompatibility, Biodegradability, and Applications in 
Tissue Engineering. ACS Biomater Sci Eng. 2019;5:193–214. [DOI] [PubMed]

10.     

Nejatian T, Khurshid Z, Zafar MS, Najeeb S, Zohaib S, Mozafari M, et al. Biomaterials for Oral and 
Dental Tissue Engineering. In: Tayebi L, Moharamzadeh K, editors. Dental biocomposites. 1st ed. 
Cambridge (UK): Woodhead Publishing; 2017. pp. 65–84. [DOI]

11.     

Huzum B, Puha B, Necoara RM, Gheorghevici S, Puha G, Filip A, et al. Biocompatibility assessment of 
biomaterials used in orthopedic devices: An overview (Review). Exp Ther Med. 2021;22:1315. [DOI] 
[PubMed] [PMC]

12.     

Ullm S, Krüger A, Tondera C, Gebauer TP, Neffe AT, Lendlein A, et al. Biocompatibility and 
inflammatory response in vitro and in vivo to gelatin-based biomaterials with tailorable elastic 
properties. Biomaterials. 2014;35:9755–66. [DOI] [PubMed]

13.     

Orozco-Vega A, Montes-Rodríguez MI, Luévano-Colmenero GH, Barros-Gómez J, Muñoz-González PU, 
Flores-Moreno M, et al. Decellularization of porcine esophageal tissue at three diameters and the 
bioscaffold modification with EETs-ECM gel. J Biomed Mater Res A. 2022;110:1669–80. [DOI] 
[PubMed]

14.     

Muñoz-González PU, Lona-Ramos MC, Gutiérrez-Verdín LD, Luévano-Colmenero GH, Tenorio-Rocha 
F, García-Contreras R, et al. Gel dressing based on type I collagen modified with oligourethane and 
silica for skin wound healing. Biomed Mater. 2022;17:045005. [DOI] [PubMed]

15.     

Badri D, Copertino N. Breast Implant Capsule-Associated Squamous Cell Carcinoma: A Systematic 
Review and Case Presentation. Aesthetic Plast Surg. 2024;48:2287–93. [DOI] [PubMed] [PMC]

16.     

Tang S, Anderson NE, Faasse K, Adams WP, Newby JM. A Qualitative Study on the Experiences of 
Women With Breast Implant Illness. Aesthet Surg J. 2022;42:381–93. [DOI] [PubMed]

17.     

Hasan J, Bright R, Hayles A, Palms D, Zilm P, Barker D, et al. Preventing Peri-implantitis: The Quest 
for a Next Generation of Titanium Dental Implants. ACS Biomater Sci Eng. 2022;8:4697–737. [DOI] 
[PubMed]

18.     

Wu S, Xu J, Zou L, Luo S, Yao R, Zheng B, et al. Long-lasting renewable antibacterial porous polymeric 
coatings enable titanium biomaterials to prevent and treat peri-implant infection. Nat Commun. 
2021;12:3303. [DOI] [PubMed] [PMC]

19.     

https://dx.doi.org/10.3390/pr9111949
https://www.nibib.nih.gov/science-education/science-topics/biomaterial-technologies?
https://dx.doi.org/10.1016/C2009-0-02433-7
https://dx.doi.org/10.1007/s10853-022-08102-x
https://dx.doi.org/10.1021/acsbiomaterials.2c00730
http://www.ncbi.nlm.nih.gov/pubmed/36800415
https://dx.doi.org/10.1016/j.cis.2021.102451
http://www.ncbi.nlm.nih.gov/pubmed/34098385
https://dx.doi.org/10.1016/j.biopha.2022.113053
http://www.ncbi.nlm.nih.gov/pubmed/35594717
https://dx.doi.org/10.1002/adma.201700909
http://www.ncbi.nlm.nih.gov/pubmed/28901588
https://dx.doi.org/10.1039/c6tb00152a
http://www.ncbi.nlm.nih.gov/pubmed/32263253
https://dx.doi.org/10.1021/acsbiomaterials.8b00658
http://www.ncbi.nlm.nih.gov/pubmed/33405863
https://dx.doi.org/10.1016/B978-0-08-100961-1.00005-0
https://dx.doi.org/10.3892/etm.2021.10750
http://www.ncbi.nlm.nih.gov/pubmed/34630669
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8461597
https://dx.doi.org/10.1016/j.biomaterials.2014.08.023
http://www.ncbi.nlm.nih.gov/pubmed/25199786
https://dx.doi.org/10.1002/jbm.a.37416
http://www.ncbi.nlm.nih.gov/pubmed/35703732
https://dx.doi.org/10.1088/1748-605X/ac6b70
http://www.ncbi.nlm.nih.gov/pubmed/35483345
https://dx.doi.org/10.1007/s00266-023-03693-5
http://www.ncbi.nlm.nih.gov/pubmed/37798500
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11233336
https://dx.doi.org/10.1093/asj/sjab204
http://www.ncbi.nlm.nih.gov/pubmed/33904898
https://dx.doi.org/10.1021/acsbiomaterials.2c00540
http://www.ncbi.nlm.nih.gov/pubmed/36240391
https://dx.doi.org/10.1038/s41467-021-23069-0
http://www.ncbi.nlm.nih.gov/pubmed/34083518
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8175680


Explor BioMat-X. 2025;2:101344 | https://doi.org/10.37349/ebmx.2025.101344 Page 24

Claudio-Rizo JA, Rangel-Argote M, Muñoz-González PU, Castellano LE, Delgado J, Gonzalez-García G, 
et al. Improved properties of composite collagen hydrogels: protected oligourethanes and silica 
particles as modulators. J Mater Chem B. 2016;4:6497–509. [DOI] [PubMed]

20.     

Muñoz-González PU, Delgado J, González-García G, Mendoza-Novelo B. Stimulation of macrophage 
cell lines confined with silica and/or silicon particles and embedded in structured collagen gels. J 
Biomater Appl. 2025;39:1240–57. [DOI] [PubMed]

21.     

Schoen FJ, Sarkar D, Zhao W, Schafer S, Ankrum J, Teo GSL, et al. Biomaterials Science: An 
Introduction to Materials in Medicine. In: Ratner BD, Hoffman AS, Schoen FJ, Lemons JE, editors. 
Applications of Biomaterials in Functional Tissue Engineering. 3rd ed. Cambridge (UK): Academic 
Press; 2013. pp. 1119–22. [DOI]

22.     

Sridharan R, Cameron AR, Kelly DJ, Kearney CJ, O’Brien FJ, et al. Biomaterial based modulation of 
macrophage polarization: a review and suggested design principles. Mater Today. 2015;18:313–25. 
[DOI]

23.     

Muñoz-González PU, Rooney P, Mohd Isa IL, Pandit A, Delgado J, Flores-Moreno M, et al. 
Development and characterization of an immunomodulatory and injectable system composed of 
collagen modified with trifunctional oligourethanes and silica. Biomater Sci. 2019;7:4547–57. [DOI] 
[PubMed]

24.     

Muñoz-González PU, Rivera-Debernardi O, Mendoza-Novelo B, Claudio-Rizo JA, Mata-Mata JL, 
Delgadillo-Holtfort I, et al. Design of Silica-Oligourethane-Collagen Membranes for Inflammatory 
Response Modulation: Characterization and Polarization of a Macrophage Cell Line. Macromol Biosci. 
2018;18:e1800099. [DOI] [PubMed]

25.     

Fioranelli M, Roccia MG, Flavin D, Cota L. Regulation of Inflammatory Reaction in Health and Disease. 
Int J Mol Sci. 2021;22:5277. [DOI] [PubMed] [PMC]

26.     

Zheng K, Niu W, Lei B, Boccaccini AR. Immunomodulatory bioactive glasses for tissue regeneration. 
Acta Biomater. 2021;133:168–86. [DOI] [PubMed]

27.     

Biomaterials Market Size, Share, and Trends 2024 to 2034 [Internet]. Presedence-Research; [cited 
2024 Oct 17]. Available from: https://www.precedenceresearch.com/biomaterials-market

28.     

Patshina MV, Voroshilin RA, Osintsev AM. Global Biomaterials Market: Potential Opportunities for 
Raw Materials of Animal Origin. Food Process Tech Technol. 2021;51:270–89.

29.     

Veselinyová D, Mašlanková J, Kalinová K, Mičková H, Mareková M, Rabajdová M. Selected In Situ 
Hybridization Methods: Principles and Application. Molecules. 2021;26:3874. [DOI] [PubMed] [PMC]

30.     

Brown T. Southern blotting. Curr Protoc Immunol. 2001;Chapter 10:Unit 10.6A. [DOI] [PubMed]31.     
Marcadet A, O’Connell P, Cohen D. Immunobiology of HLA. In: Dupont B, editor. Standardized 
Southern Blot Workshop Technique. New York: Springer; 1989. pp. 553–60. [DOI]

32.     

He SL, Green R. Northern blotting. Methods Enzymol. 2013;530:75–87. [DOI] [PubMed] [PMC]33.     
Gautam A. DNA and RNA Isolation Techniques for Non-Experts. In: Gautam A, editor. Southern and 
Northern Blotting. Cham: Springer International Publishing; 2022. pp. 165–9. [DOI]

34.     

Nam RK, Sugar L, Yang W, Srivastava S, Klotz LH, Yang LY, et al. Expression of the TMPRSS2: ERG 
fusion gene predicts cancer recurrence after surgery for localised prostate cancer. Br J Cancer. 2007;
97:1690–5. [DOI] [PubMed] [PMC]

35.     

Hogan K. Foundations of Anesthesia. In: Hemmings HC, Hopkins PM, editors. Principles and 
techniques of molecular biology. 2nd ed. Edinburgh: Mosby; 2006. pp. 51–69.

36.     

Shakoori AR. Chromosome Structure and Aberrations. In: Bhat TA, Wani AA, editors. Fluorescence In 
Situ Hybridization (FISH) and Its Applications. New Delhi: Springer India; 2017. pp. 343–67. [DOI]

37.     

Lehmann R, Tautz D. In situ hybridization to RNA. Methods Cell Biol. 1994;44:575–98. [DOI] 
[PubMed]

38.     

Neo M, Voigt CF, Herbst H, Gross UM. Analysis of osteoblast activity at biomaterial-bone interfaces by 
in situ hybridization. J Biomed Mater Res. 1996;30:485–92. [DOI] [PubMed]

39.     

https://dx.doi.org/10.1039/c6tb01673a
http://www.ncbi.nlm.nih.gov/pubmed/32263694
https://dx.doi.org/10.1177/08853282251319875
http://www.ncbi.nlm.nih.gov/pubmed/39934094
https://dx.doi.org/10.1016/B978-0-08-087780-8.00108-X
https://dx.doi.org/10.1016/j.mattod.2015.01.019
https://dx.doi.org/10.1039/c9bm00702d
http://www.ncbi.nlm.nih.gov/pubmed/31463512
https://dx.doi.org/10.1002/mabi.201800099
http://www.ncbi.nlm.nih.gov/pubmed/29943462
https://dx.doi.org/10.3390/ijms22105277
http://www.ncbi.nlm.nih.gov/pubmed/34067872
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8157220
https://dx.doi.org/10.1016/j.actbio.2021.08.023
http://www.ncbi.nlm.nih.gov/pubmed/34418539
https://www.precedenceresearch.com/biomaterials-market
https://dx.doi.org/10.3390/molecules26133874
http://www.ncbi.nlm.nih.gov/pubmed/34202914
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8270300
https://dx.doi.org/10.1002/0471142735.im1006as06
http://www.ncbi.nlm.nih.gov/pubmed/18432697
https://dx.doi.org/10.1007/978-1-4612-3552-1_116
https://dx.doi.org/10.1016/B978-0-12-420037-1.00003-8
http://www.ncbi.nlm.nih.gov/pubmed/24034315
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4287216
https://dx.doi.org/10.1007/978-3-030-94230-4_21
https://dx.doi.org/10.1038/sj.bjc.6604054
http://www.ncbi.nlm.nih.gov/pubmed/17971772
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2360284
https://dx.doi.org/10.1007/978-81-322-3673-3_16
https://dx.doi.org/10.1016/s0091-679x(08)60933-4
http://www.ncbi.nlm.nih.gov/pubmed/7535885
https://dx.doi.org/10.1002/(SICI)1097-4636(199604)30:4<485::AID-JBM6>3.0.CO;2-L
http://www.ncbi.nlm.nih.gov/pubmed/8847356


Explor BioMat-X. 2025;2:101344 | https://doi.org/10.37349/ebmx.2025.101344 Page 25

Park S, Park J, Jo I, Cho S, Sung D, Ryu S, et al. In situ hybridization of carbon nanotubes with bacterial 
cellulose for three-dimensional hybrid bioscaffolds. Biomaterials. 2015;58:93–102. [DOI] [PubMed]

40.     

Zhao Z, Jiang M, He C, Yin W, Feng Y, Wang P, et al. Enhancing Specific Fluorescence In Situ 
Hybridization with Quantum Dots for Single-Molecule RNA Imaging in Formalin-Fixed Paraffin-
Embedded Tumor Tissues. ACS Nano. 2024;18:9958–68. [DOI] [PubMed]

41.     

Weimer J, Hüttmann M, Nusilati A, Andreas S, Röseler J, Tribian N, et al. Fluorescence in situ 
hybridization test for detection of endometrial carcinoma cells by non-invasive vaginal swab. J Cell 
Mol Med. 2023;27:379–91. [DOI] [PubMed] [PMC]

42.     

Jensen E. Technical review: In situ hybridization. Anat Rec (Hoboken). 2014;297:1349–53. [DOI] 
[PubMed]

43.     

Morissette Martin P, Creber K, Hamilton D. Monitoring and Evaluation of Biomaterials and their 
Performance In Vivo. In: Narayan RJ, editor. Measuring gene expression changes on biomaterial 
surfaces. Cambridge (UK): Woodhead Publishing; 2017. pp. 111–31. [DOI]

44.     

Cohen SN, Chang AC, Boyer HW, Helling RB. Construction of biologically functional bacterial 
plasmids in vitro. Proc Natl Acad Sci U S A. 1973;70:3240–4. [DOI] [PubMed] [PMC]

45.     

Langer R, Vacanti JP. Tissue engineering. Science. 1993;260:920–6. [DOI] [PubMed]46.     
Ratner BD, Hoffman AS, Schoen FJ, Lemons JE, editors. An Evolving, Multidisciplinary Endeavor. 
Biomaterials Science: An Introduction to Materials in Medicine. 3rd ed. Cambridge (UK): Academic 
Press; 2013. pp. 25–39. [DOI]

47.     

Fujimura K, Bessho K, Kusumoto K, Konishi Y, Ogawa Y, Iizuka T. Experimental osteoinduction by 
recombinant human bone morphogeneticprotein 2 in tissue with low blood flow: a study in rats. Br J 
Oral Maxillofac Surg. 2001;39:294–300. [DOI] [PubMed]

48.     

Khademhosseini A, Langer R, Borenstein J, Vacanti JP. Microscale technologies for tissue engineering 
and biology. Proc Natl Acad Sci U S A. 2006;103:2480–7. [DOI] [PubMed] [PMC]

49.     

Pal A, editor. Protocols in Advanced Genomics and Allied Techniques. Recombinant DNA Technology. 
New York: Springer; 2022. pp. 31–47. [DOI]

50.     

Gupta V, Sengupta M, Prakash J, Tripathy BC, editors. Basic and Applied Aspects of Biotechnology. 
Fundamentals of Recombinant DNA Technology. Singapore: Springer Singapore; 2017. pp. 23–58. 
[DOI]

51.     

Yang Y, Campbell Ritchie A, Everitt NM. Recombinant human collagen/chitosan-based soft hydrogels 
as biomaterials for soft tissue engineering. Mater Sci Eng C Mater Biol Appl. 2021;121:111846. [DOI] 
[PubMed]

52.     

Goeddel DV, Kleid DG, Bolivar F, Heyneker HL, Yansura DG, Crea R, et al. Expression in Escherichia 
coli of chemically synthesized genes for human insulin. Proc Natl Acad Sci U S A. 1979;76:106–10. 
[DOI] [PubMed] [PMC]

53.     

Powell JS. Recombinant factor VIII in the management of hemophilia A: current use and future 
promise. Ther Clin Risk Manag. 2009;5:391–402. [DOI] [PubMed] [PMC]

54.     

Kadler KE, Holmes DF, Trotter JA, Chapman JA. Collagen fibril formation. Biochem J. 1996;316:1–11. 
[DOI] [PubMed] [PMC]

55.     

Cao L, Zhang Z, Yuan D, Yu M, Min J. Tissue engineering applications of recombinant human collagen: 
a review of recent progress. Front Bioeng Biotechnol. 2024;12:1358246. [DOI] [PubMed] [PMC]

56.     

Kirker-Head CA. Recombinant bone morphogenetic proteins: novel substances for enhancing bone 
healing. Vet Surg. 1995;24:408–19. [DOI] [PubMed]

57.     

Xu J, Liu J, Gan Y, Dai K, Zhao J, Huang M, et al. High-Dose TGF-β1 Impairs Mesenchymal Stem Cell-
Mediated Bone Regeneration via Bmp2 Inhibition. J Bone Miner Res. 2020;35:167–80. [DOI] 
[PubMed]

58.     

Basu K, Green EM, Cheng Y, Craik CS. Why recombinant antibodies - benefits and applications. Curr 
Opin Biotechnol. 2019;60:153–8. [DOI] [PubMed] [PMC]

59.     

https://dx.doi.org/10.1016/j.biomaterials.2015.04.027
http://www.ncbi.nlm.nih.gov/pubmed/25941786
https://dx.doi.org/10.1021/acsnano.3c10216
http://www.ncbi.nlm.nih.gov/pubmed/38547522
https://dx.doi.org/10.1111/jcmm.17658
http://www.ncbi.nlm.nih.gov/pubmed/36625073
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9889703
https://dx.doi.org/10.1002/ar.22944
http://www.ncbi.nlm.nih.gov/pubmed/24810158
https://dx.doi.org/10.1016/B978-0-08-100603-0.00006-7
https://dx.doi.org/10.1073/pnas.70.11.3240
http://www.ncbi.nlm.nih.gov/pubmed/4594039
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC427208
https://dx.doi.org/10.1126/science.8493529
http://www.ncbi.nlm.nih.gov/pubmed/8493529
https://dx.doi.org/doi.org/10.1016/C2009-0-02433-7
https://dx.doi.org/10.1054/bjom.2001.0647
http://www.ncbi.nlm.nih.gov/pubmed/11437428
https://dx.doi.org/10.1073/pnas.0507681102
http://www.ncbi.nlm.nih.gov/pubmed/16477028
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1413775
https://dx.doi.org/10.1007/978-1-0716-1818-9_2
https://dx.doi.org/10.1007/978-981-10-0875-7_2
https://dx.doi.org/10.1016/j.msec.2020.111846
http://www.ncbi.nlm.nih.gov/pubmed/33579509
https://dx.doi.org/10.1073/pnas.76.1.106
http://www.ncbi.nlm.nih.gov/pubmed/85300
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC382885
https://dx.doi.org/10.2147/tcrm.s4412
http://www.ncbi.nlm.nih.gov/pubmed/19536318
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2697540
https://dx.doi.org/10.1042/bj3160001
http://www.ncbi.nlm.nih.gov/pubmed/8645190
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1217307
https://dx.doi.org/10.3389/fbioe.2024.1358246
http://www.ncbi.nlm.nih.gov/pubmed/38419725
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10900516
https://dx.doi.org/10.1111/j.1532-950x.1995.tb01352.x
http://www.ncbi.nlm.nih.gov/pubmed/8585149
https://dx.doi.org/10.1002/jbmr.3871
http://www.ncbi.nlm.nih.gov/pubmed/31487395
https://dx.doi.org/10.1016/j.copbio.2019.01.012
http://www.ncbi.nlm.nih.gov/pubmed/30849700
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6728236


Explor BioMat-X. 2025;2:101344 | https://doi.org/10.37349/ebmx.2025.101344 Page 26

Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V, Bajamonde A, et al. Use of chemotherapy plus a 
monoclonal antibody against HER2 for metastatic breast cancer that overexpresses HER2. N Engl J 
Med. 2001;344:783–92. [DOI] [PubMed]

60.     

Richardson TP, Peters MC, Ennett AB, Mooney DJ. Polymeric system for dual growth factor delivery. 
Nat Biotechnol. 2001;19:1029–34. [DOI] [PubMed]

61.     

Scheiner KC, Maas-Bakker RF, Nguyen TT, Duarte AM, Hendriks G, Sequeira L, et al. Sustained 
Release of Vascular Endothelial Growth Factor from Poly(ε-caprolactone-PEG-ε-caprolactone)-b-
Poly(l-lactide) Multiblock Copolymer Microspheres. ACS Omega. 2019;4:11481–92. [DOI] [PubMed] 
[PMC]

62.     

Zhao S, Ye X, Wu M, Ruan J, Wang X, Tang X, et al. Recombinant Silk Proteins with Additional 
Polyalanine Have Excellent Mechanical Properties. Int J Mol Sci. 2021;22:1513. [DOI] [PubMed] 
[PMC]

63.     

Huang S, Yu F, Cheng Y, Li Y, Chen Y, Tang J, et al. Transforming Growth Factor-β3/Recombinant 
Human-like Collagen/Chitosan Freeze-Dried Sponge Primed With Human Periodontal Ligament 
Stem Cells Promotes Bone Regeneration in Calvarial Defect Rats. Front Pharmacol. 2021;12:678322. 
[DOI] [PubMed] [PMC]

64.     

Akhavan O, Ghaderi E, Shahsavar M. Graphene nanogrids for selective and fast osteogenic 
differentiation of human mesenchymal stem cells. Carbon. 2013;59:200–11. [DOI]

65.     

Wang Y, Jin S, Luo D, He D, Shi C, Zhu L, et al. Functional regeneration and repair of tendons using 
biomimetic scaffolds loaded with recombinant periostin. Nat Commun. 2021;12:1293. [DOI] 
[PubMed] [PMC]

66.     

Templeton NS. The polymerase chain reaction. History, methods, and applications. Diagn Mol Pathol. 
1992;1:58–72. [DOI] [PubMed]

67.     

Fang W, Liu X, Maiga M, Cao W, Mu Y, Yan Q, et al. Digital PCR for Single-Cell Analysis. Biosensors 
(Basel). 2024;14:64. [DOI] [PubMed] [PMC]

68.     

Bookout AL, Mangelsdorf DJ. Quantitative real-time PCR protocol for analysis of nuclear receptor 
signaling pathways. Nucl Recept Signal. 2003;1:e012. [DOI] [PubMed] [PMC]

69.     

McDonald C, Taylor D, Linacre A. PCR in Forensic Science: A Critical Review. Genes (Basel). 2024;15:
438. [DOI] [PubMed] [PMC]

70.     

Chen R, Wang J, Yuan Y, Deng Y, Lai X, Du F, et al. Weigh Biomaterials by Quantifying Species-specific 
DNA with Real-time PCR. Sci Rep. 2017;7:4774. [DOI] [PubMed] [PMC]

71.     

Ma TS. Applications and limitations of polymerase chain reaction amplification. Chest. 1995;108:
1393–404. [DOI] [PubMed]

72.     

Leong DT, Gupta A, Bai HF, Wan G, Yoong LF, Too H, et al. Absolute quantification of gene expression 
in biomaterials research using real-time PCR. Biomaterials. 2007;28:203–10. [DOI] [PubMed]

73.     

Lorenz TC. Polymerase chain reaction: basic protocol plus troubleshooting and optimization 
strategies. J Vis Exp. 2012;63:e3998. [DOI] [PubMed] [PMC]

74.     

Zhao F, Maren NA, Kosentka PZ, Liao Y, Lu H, Duduit JR, et al. An optimized protocol for stepwise 
optimization of real-time RT-PCR analysis. Hortic Res. 2021;8:179. [DOI] [PubMed] [PMC]

75.     

Blumenfeld NR, Bolene MAE, Jaspan M, Ayers AG, Zarrandikoetxea S, Freudman J, et al. Multiplexed 
reverse-transcriptase quantitative polymerase chain reaction using plasmonic nanoparticles for 
point-of-care COVID-19 diagnosis. Nat Nanotechnol. 2022;17:984–92. [DOI] [PubMed]

76.     

Peña B, Bosi S, Knight WE, Cavasin M, Ferrari I, Musani SA, et al. Biocompatibility Assessment of an 
Injectable Carbon Nanotube-Functionalized Reverse Thermal Gel for Cardiac Tissue Engineering 
Applications. ACS Appl Bio Mater. 2025;8:4743–55. [DOI] [PubMed]

77.     

Kim DH, Kim MJ, Kwak SY, Jeong J, Choi D, Choi SW, et al. Bioengineered liver crosslinked with nano-
graphene oxide enables efficient liver regeneration via MMP suppression and immunomodulation. 
Nat Commun. 2023;14:801. [DOI] [PubMed] [PMC]

78.     

https://dx.doi.org/10.1056/NEJM200103153441101
http://www.ncbi.nlm.nih.gov/pubmed/11248153
https://dx.doi.org/10.1038/nbt1101-1029
http://www.ncbi.nlm.nih.gov/pubmed/11689847
https://dx.doi.org/10.1021/acsomega.9b01272
http://www.ncbi.nlm.nih.gov/pubmed/31460253
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6681988
https://dx.doi.org/10.3390/ijms22041513
http://www.ncbi.nlm.nih.gov/pubmed/33546270
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7913374
https://dx.doi.org/10.3389/fphar.2021.678322
http://www.ncbi.nlm.nih.gov/pubmed/33967817
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8103166
https://dx.doi.org/10.1016/j.carbon.2013.03.010
https://dx.doi.org/10.1038/s41467-021-21545-1
http://www.ncbi.nlm.nih.gov/pubmed/33637721
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7910464
https://dx.doi.org/10.1097/00019606-199203000-00008
http://www.ncbi.nlm.nih.gov/pubmed/1342955
https://dx.doi.org/10.3390/bios14020064
http://www.ncbi.nlm.nih.gov/pubmed/38391982
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10886679
https://dx.doi.org/10.1621/nrs.01012
http://www.ncbi.nlm.nih.gov/pubmed/16604184
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1402222
https://dx.doi.org/10.3390/genes15040438
http://www.ncbi.nlm.nih.gov/pubmed/38674373
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11049589
https://dx.doi.org/10.1038/s41598-017-05083-9
http://www.ncbi.nlm.nih.gov/pubmed/28684790
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5500521
https://dx.doi.org/10.1378/chest.108.5.1393
http://www.ncbi.nlm.nih.gov/pubmed/7587447
https://dx.doi.org/10.1016/j.biomaterials.2006.09.011
http://www.ncbi.nlm.nih.gov/pubmed/17034848
https://dx.doi.org/10.3791/3998
http://www.ncbi.nlm.nih.gov/pubmed/22664923
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4846334
https://dx.doi.org/10.1038/s41438-021-00616-w
http://www.ncbi.nlm.nih.gov/pubmed/34333545
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8325682
https://dx.doi.org/10.1038/s41565-022-01175-4
http://www.ncbi.nlm.nih.gov/pubmed/35879456
https://dx.doi.org/10.1021/acsabm.5c00125
http://www.ncbi.nlm.nih.gov/pubmed/40343469
https://dx.doi.org/10.1038/s41467-023-35941-2
http://www.ncbi.nlm.nih.gov/pubmed/36781854
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9925774


Explor BioMat-X. 2025;2:101344 | https://doi.org/10.37349/ebmx.2025.101344 Page 27

Löbler M, Sass M, Kunze C, Schmitz K, Hopt UT. Biomaterial implants induce the inflammation 
marker CRP at the site of implantation. J Biomed Mater Res. 2002;61:165–7. [DOI] [PubMed]

79.     

Suleimenova D, Hashimi SM, Li M, Ivanovski S, Mattheos N. Gene expression profiles in guided bone 
regeneration using combinations of different biomaterials: a pilot animal study. Clin Oral Implants 
Res. 2017;28:713–20. [DOI] [PubMed]

80.     

Cabiati M, Vozzi F, Gemma F, Montemurro F, Maria CD, Vozzi G, et al. Cardiac tissue regeneration: A 
preliminary study on carbon-based nanotubes gelatin scaffold. J Biomed Mater Res B Appl Biomater. 
2018;106:2750–62. [DOI] [PubMed]

81.     

Huyer LD, Montgomery M, Zhao Y, Xiao Y, Conant G, Korolj A, et al. Biomaterial based cardiac tissue 
engineering and its applications. Biomed Mater. 2015;10:034004. [DOI] [PubMed] [PMC]

82.     

Pitchai M, Ipe D, Tadakamadla S, Hamlet S. Titanium Implant Surface Effects on Adherent 
Macrophage Phenotype: A Systematic Review. Materials (Basel). 2022;15:7314. [DOI] [PubMed] 
[PMC]

83.     

Donohoe E, Kahatab R, Barrak F. A systematic review comparing the macrophage inflammatory 
response to hydrophobic and hydrophilic sandblasted large grit, acid-etched titanium or titanium-
zirconium surfaces during in vitro studies. Clin Exp Dent Res. 2023;9:437–48. [DOI] [PubMed] [PMC]

84.     

Ellermann E, Meyer N, Cameron RE, Best SM. In vitro angiogenesis in response to biomaterial 
properties for bone tissue engineering: a review of the state of the art. Regen Biomater. 2023;10:
rbad027. [DOI] [PubMed] [PMC]

85.     

Kaplan B, Levenberg S. The Role of Biomaterials in Peripheral Nerve and Spinal Cord Injury: A 
Review. Int J Mol Sci. 2022;23:1244. [DOI] [PubMed] [PMC]

86.     

Darjanki CM, Prahasanti C, Fitria A E, Kusumawardani B, Wijaksana IKE, Aljunaid M. RUNX2 and ALP 
expression in osteoblast cells exposed by PMMA-HAp combination: An in vitro study. J Oral Biol 
Craniofac Res. 2023;13:277–82. [DOI] [PubMed] [PMC]

87.     

Marthaler D, Homwong N, Rossow K, Culhane M, Goyal S, Collins J, et al. Rapid detection and high 
occurrence of porcine rotavirus A, B, and C by RT-qPCR in diagnostic samples. J Virol Methods. 2014;
209:30–4. [DOI] [PubMed]

88.     

Masuda T, Tsuchiaka S, Ashiba T, Yamasato H, Fukunari K, Omatsu T, et al. Development of one-step 
real-time reverse transcriptase-PCR-based assays for the rapid and simultaneous detection of four 
viruses causing porcine diarrhea. Jpn J Vet Res. 2016;64:5–14. [PubMed]

89.     

Choe B, Cho Y. Antibody techniques. Malik VS, Lillehoj EP, editors. Immunostaining cells and tissues. 
San Diego: Academic Press; 1994. pp. 259–72. [DOI]

90.     

De Haes W, Van Sinay E, Detienne G, Temmerman L, Schoofs L, Boonen K. Functional 
neuropeptidomics in invertebrates. Biochim Biophys Acta. 2015;1854:812–26. [DOI] [PubMed]

91.     

Chivukula M, Dabbs DJ. Comprehensive Cytopathology. In: Bibbo M, Wilbur DC, editors. 
Immunocytochemistry. 3rd ed. Philadelphia (PA): Saunders/Elsevier; 2008. pp. 1043–69. [DOI]

92.     

De Matos LL, Trufelli DC, De Matos MG, Da Silva Pinhal MA. Immunohistochemistry as an important 
tool in biomarkers detection and clinical practice. Biomark Insights. 2010;5:9–20. [DOI] [PubMed] 
[PMC]

93.     

Srebotnik Kirbiš I, Rodrigues Roque R, Bongiovanni M, Strojan Fležar M, Cochand-Priollet B. 
Immunocytochemistry practices in European cytopathology laboratories-Review of European 
Federation of Cytology Societies (EFCS) online survey results with best practice recommendations. 
Cancer Cytopathol. 2020;128:757–66. [DOI] [PubMed]

94.     

Daëron M. The function of antibodies. Immunol Rev. 2024;328:113–25. [DOI] [PubMed]95.     
Singh A, Mishra A, Verma A. Animal Biotechnology. In: Verma AS, Singh A, editors. Antibodies: 
monoclonal and polyclonal. 2nd ed. Boston: Academic Press; 2020. pp. 327–52. [DOI]

96.     

Strickley RG, Lambert WJ. A review of Formulations of Commercially Available Antibodies. J Pharm 
Sci. 2021;110:2590–608.e56. [DOI] [PubMed]

97.     

https://dx.doi.org/10.1002/jbm.10155
http://www.ncbi.nlm.nih.gov/pubmed/12001260
https://dx.doi.org/10.1111/clr.12868
http://www.ncbi.nlm.nih.gov/pubmed/27238458
https://dx.doi.org/10.1002/jbm.b.34056
http://www.ncbi.nlm.nih.gov/pubmed/29206329
https://dx.doi.org/10.1088/1748-6041/10/3/034004
http://www.ncbi.nlm.nih.gov/pubmed/25989939
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4464787
https://dx.doi.org/10.3390/ma15207314
http://www.ncbi.nlm.nih.gov/pubmed/36295379
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9609829
https://dx.doi.org/10.1002/cre2.730
http://www.ncbi.nlm.nih.gov/pubmed/36991526
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10280619
https://dx.doi.org/10.1093/rb/rbad027
http://www.ncbi.nlm.nih.gov/pubmed/37081860
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10112962
https://dx.doi.org/10.3390/ijms23031244
http://www.ncbi.nlm.nih.gov/pubmed/35163168
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8835501
https://dx.doi.org/10.1016/j.jobcr.2023.02.007
http://www.ncbi.nlm.nih.gov/pubmed/36896352
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9988561
https://dx.doi.org/10.1016/j.jviromet.2014.08.018
http://www.ncbi.nlm.nih.gov/pubmed/25194889
http://www.ncbi.nlm.nih.gov/pubmed/27348884
https://dx.doi.org/10.1016/B978-0-12-466460-9.50015-8
https://dx.doi.org/10.1016/j.bbapap.2014.12.011
http://www.ncbi.nlm.nih.gov/pubmed/25528324
https://dx.doi.org/10.1016/B978-141604208-2.10035-1
https://dx.doi.org/10.4137/bmi.s2185
http://www.ncbi.nlm.nih.gov/pubmed/20212918
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2832341
https://dx.doi.org/10.1002/cncy.22311
http://www.ncbi.nlm.nih.gov/pubmed/32598103
https://dx.doi.org/10.1111/imr.13387
http://www.ncbi.nlm.nih.gov/pubmed/39180466
https://dx.doi.org/10.1016/B978-0-12-811710-1.00015-X
https://dx.doi.org/10.1016/j.xphs.2021.03.017
http://www.ncbi.nlm.nih.gov/pubmed/33789155


Explor BioMat-X. 2025;2:101344 | https://doi.org/10.37349/ebmx.2025.101344 Page 28

Kim RH, Brinster NK. Practical Direct Immunofluorescence. Am J Dermatopathol. 2020;42:75–85. 
[DOI] [PubMed]

98.     

Wheatley SP, Wang YL. Indirect immunofluorescence microscopy in cultured cells. Methods Cell Biol. 
1998;57:313–32. [DOI] [PubMed]

99.     

Manning CF, Bundros AM, Trimmer JS. Benefits and pitfalls of secondary antibodies: why choosing 
the right secondary is of primary importance. PLoS One. 2012;7:e38313. [DOI] [PubMed] [PMC]

100.     

Johnston WW, Szpak CA, Thor A, Simpson JF, Schlom J. Applications of immunocytochemistry to 
clinical cytology. Cancer Invest. 1987;5:593–611. [DOI] [PubMed]

101.     

Kanber Y, Pusztaszeri M, Auger M. Immunocytochemistry for diagnostic cytopathology-A practical 
guide. Cytopathology. 2021;32:562–87. [DOI] [PubMed]

102.     

Lozano MD, Robledano R, Argueta A. Quality Assurance in Immunocytochemistry: A Review and 
Practical Considerations. Acta Cytol. 2025;69:60–8. [DOI] [PubMed]

103.     

Hidalgo CO. Immunohistochemistry in Historical Perspective: Knowing the Past to Understand the 
Present. Methods Mol Biol. 2022;2422:17–31. [DOI] [PubMed]

104.     

Brooks SA. Metastasis Research Protocols. In: Dwek M, Brooks SA, Schumacher U, editors. Basic 
immunocytochemistry for light microscopy. Totowa (NJ): Humana Press; 2012. pp. 1–30. [DOI]

105.     

Marchenko S, Flanagan L. Immunocytochemistry: human neural stem cells. J Vis Exp. 2007;7:267. 
[DOI] [PubMed] [PMC]

106.     

Muñoz-González PU, Flores-Moreno JM, Quintero-Ortega IA, Mantovani D, Mendoza-Novelo B, 
González-García G. Water-Dispersible Fluorescent Silicon Nanoparticles That Modulate 
Inflammatory Response in Macrophages. ACS Appl Nano Mater. 2023;6:11187–97. [DOI]

107.     

Palumbo C, Baldini A, Cavani F, Sena P, Benincasa M, Ferretti M, et al. Immunocytochemical and 
structural comparative study of committed versus multipotent stem cells cultured with different 
biomaterials. Micron. 2013;47:1–9. [DOI] [PubMed]

108.     

Paula AB, Laranjo M, Coelho AS, Abrantes AM, Gonçalves AC, Sarmento-Ribeiro AB, et al. Accessing 
the Cytotoxicity and Cell Response to Biomaterials. J Vis Exp. 2021;173:e61512. [DOI] [PubMed]

109.     

Jell G, Selvakumaram J. Biomaterials, Artificial Organs and Tissue Engineering. In: Hench LL, Jones JR, 
editors. Immunochemical techniques in tissue engineering and biomaterial science. Cambridge: 
Woodhead Publishing; 2005. pp. 227–40. [DOI]

110.     

Nanci A, Wazen R, Nishio C, Zalzal SF. Immunocytochemistry of matrix proteins in calcified tissues: 
functional biochemistry on section. Eur J Histochem. 2008;52:201–14. [DOI] [PubMed]

111.     

James BD, Guerin P, Iverson Z, Allen JB. Mineralized DNA-collagen complex-based biomaterials for 
bone tissue engineering. Int J Biol Macromol. 2020;161:1127–39. [DOI] [PubMed] [PMC]

112.     

Chen F, Yoo JJ, Atala A. Acellular collagen matrix as a possible “off the shelf” biomaterial for urethral 
repair. Urology. 1999;54:407–10. [DOI] [PubMed]

113.     

Bal Z, Kaito T, Korkusuz F, Yoshikawa H. Bone regeneration with hydroxyapatite-based biomaterials. 
Emergent Mater. 2020;3:521–44. [DOI]

114.     

Grasl C, Stoiber M, Röhrich M, Moscato F, Bergmeister H, Schima H. Electrospinning of small 
diameter vascular grafts with preferential fiber directions and comparison of their mechanical 
behavior with native rat aortas. Mater Sci Eng C Mater Biol Appl. 2021;124:112085. [DOI] [PubMed]

115.     

Rahimnejad M, Nasrollahi Boroujeni N, Jahangiri S, Rabiee N, Rabiee M, Makvandi P, et al. 
Prevascularized Micro-/Nano-Sized Spheroid/Bead Aggregates for Vascular Tissue Engineering. 
Nanomicro Lett. 2021;13:182. [DOI] [PubMed] [PMC]

116.     

Rath G, Hussain T, Chauhan G, Garg T, Goyal AK. Collagen nanofiber containing silver nanoparticles 
for improved wound-healing applications. J Drug Target. 2016;24:520–9. [DOI] [PubMed]

117.     

https://dx.doi.org/10.1097/DAD.0000000000001516
http://www.ncbi.nlm.nih.gov/pubmed/31990699
https://dx.doi.org/10.1016/s0091-679x(08)61588-5
http://www.ncbi.nlm.nih.gov/pubmed/9648113
https://dx.doi.org/10.1371/journal.pone.0038313
http://www.ncbi.nlm.nih.gov/pubmed/22675541
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3365890
https://dx.doi.org/10.3109/07357908709020319
http://www.ncbi.nlm.nih.gov/pubmed/3327572
https://dx.doi.org/10.1111/cyt.12993
http://www.ncbi.nlm.nih.gov/pubmed/34033162
https://dx.doi.org/10.1159/000540532
http://www.ncbi.nlm.nih.gov/pubmed/39047693
https://dx.doi.org/10.1007/978-1-0716-1948-3_2
http://www.ncbi.nlm.nih.gov/pubmed/34859396
https://dx.doi.org/10.1007/978-1-61779-854-2_1
https://dx.doi.org/10.3791/267
http://www.ncbi.nlm.nih.gov/pubmed/18989438
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2565851
https://dx.doi.org/10.1021/acsanm.3c01210
https://dx.doi.org/10.1016/j.micron.2012.02.017
http://www.ncbi.nlm.nih.gov/pubmed/22440134
https://dx.doi.org/10.3791/61512
http://www.ncbi.nlm.nih.gov/pubmed/34309590
https://dx.doi.org/10.1533/9781845690861.4.227
https://dx.doi.org/10.4081/1218
http://www.ncbi.nlm.nih.gov/pubmed/19109094
https://dx.doi.org/10.1016/j.ijbiomac.2020.06.126
http://www.ncbi.nlm.nih.gov/pubmed/32561285
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7494536
https://dx.doi.org/10.1016/s0090-4295(99)00179-x
http://www.ncbi.nlm.nih.gov/pubmed/10475343
https://dx.doi.org/10.1007/s42247-019-00063-3
https://dx.doi.org/10.1016/j.msec.2021.112085
http://www.ncbi.nlm.nih.gov/pubmed/33947575
https://dx.doi.org/10.1007/s40820-021-00697-1
http://www.ncbi.nlm.nih.gov/pubmed/34409511
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8374027
https://dx.doi.org/10.3109/1061186X.2015.1095922
http://www.ncbi.nlm.nih.gov/pubmed/26487102


Explor BioMat-X. 2025;2:101344 | https://doi.org/10.37349/ebmx.2025.101344 Page 29

Munoz-Gonzalez P, Castellano L, Flores-Moreno J, Delgado J, Mendoza-Novelo B. Characteristics Of 
Biomaterials Derived From Collagen And Tri-functionalized Oligourethanes-silica And Its Effect On 
Macrophage Response. 2016 TERMIS—Americas Conference and Exhibition; 2016 Dec 11–14; San 
Diego, CA, USA. New Rochelle (NY): Mary Ann Liebert, Inc.; 2016.

118.     

Martinez EC, Kofidis T. Adult stem cells for cardiac tissue engineering. J Mol Cell Cardiol. 2011;50:
312–9. [DOI] [PubMed]

119.     

Abbasgholizadeh R, Islas JF, Navran S, Potaman VN, Schwartz RJ, Birla RK. A Highly Conductive 3D 
Cardiac Patch Fabricated Using Cardiac Myocytes Reprogrammed from Human Adipogenic 
Mesenchymal Stem Cells. Cardiovasc Eng Technol. 2020;11:205–18. [DOI] [PubMed]

120.     

Zeb A, Gul M, Nguyen TTL, Maeng HJ. Controlled release and targeted drug delivery with poly(lactic-
co-glycolic acid) nanoparticles: reviewing two decades of research. J Pharm Invest. 2022;52:
683–724. [DOI]

121.     

Boltnarova B, Kubackova J, Skoda J, Stefela A, Smekalova M, Svacinova P, et al. PLGA Based 
Nanospheres as a Potent Macrophage-Specific Drug Delivery System. Nanomaterials (Basel). 2021;
11:749. [DOI] [PubMed] [PMC]

122.     

Lozano MD, Argueta A, Robledano R, García J, Ocon V, Gómez N, et al. Practical issues related to 
immunocytochemistry on cytological smears: Tips and recommendations. Cytopathology. 2024;35:
761–9. [DOI] [PubMed]

123.     

Shidham VB, Janikowski B. Immunocytochemistry of effusions: Processing and commonly used 
immunomarkers. Cytojournal. 2022;19:6. [DOI] [PubMed] [PMC]

124.     

Kalyuzhny AE. Immunohistochemistry. Essential Elements and Beyond. Anticancer Res. 2016;36:
3226. [PubMed]

125.     

Anderson JM. Future challenges in the in vitro and in vivo evaluation of biomaterial biocompatibility. 
Regen Biomater. 2016;3:73–7. [DOI] [PubMed] [PMC]

126.     

Basson R, Baguneid M, Foden P, Al Kredly R, Bayat A. Functional Testing of a Skin Topical 
Formulation In Vivo: Objective and Quantitative Evaluation in Human Skin Scarring Using a Double-
Blind Volunteer Study with Sequential Punch Biopsies. Adv Wound Care (New Rochelle). 2019;8:
208–19. [DOI] [PubMed] [PMC]

127.     

Berger-Gorbet M, Broxup B, Rivard C, Yahia LH. Biocompatibility testing of NiTi screws using 
immunohistochemistry on sections containing metallic implants. J Biomed Mater Res. 1996;32:
243–8. [DOI] [PubMed]

128.     

Biomarkers Definitions Working Group. Biomarkers and surrogate endpoints: preferred definitions 
and conceptual framework. Clin Pharmacol Ther. 2001;69:89–95. [DOI] [PubMed]

129.     

Korfei M, Ruppert C, Mahavadi P, Henneke I, Markart P, Koch M, et al. Epithelial endoplasmic 
reticulum stress and apoptosis in sporadic idiopathic pulmonary fibrosis. Am J Respir Crit Care Med. 
2008;178:838–46. [DOI] [PubMed] [PMC]

130.     

Li Y, Sun T, Chen Z, Shao Y, Huang Y, Zhou Y. Characterization of a new human astrocytoma cell line 
SHG140: cell proliferation, cell phenotype, karyotype, STR markers and tumorigenicity analysis. J 
Cancer. 2021;12:371–8. [DOI] [PubMed] [PMC]

131.     

Lutolf MP, Hubbell JA. Synthetic biomaterials as instructive extracellular microenvironments for 
morphogenesis in tissue engineering. Nat Biotechnol. 2005;23:47–55. [DOI] [PubMed]

132.     

Zhao F, Lei B, Li X, Mo Y, Wang R, Chen D, et al. Promoting in vivo early angiogenesis with sub-
micrometer strontium-contained bioactive microspheres through modulating macrophage 
phenotypes. Biomaterials. 2018;178:36–47. [DOI] [PubMed]

133.     

Coons AH, Creech HJ, Jones RN. Immunological Properties of an Antibody Containing a Fluorescent 
Group. Proc Soc Exp Biol Med. 1941;47:200–2. [DOI]

134.     

Streckfus CF, editor. Immunohistochemistry: The Ageless Biotechnology. Rijeka: IntechOpen; 2020. 
[DOI]

135.     

https://dx.doi.org/10.1016/j.yjmcc.2010.08.009
http://www.ncbi.nlm.nih.gov/pubmed/20709074
https://dx.doi.org/10.1007/s13239-019-00451-0
http://www.ncbi.nlm.nih.gov/pubmed/31916039
https://dx.doi.org/10.1007/s40005-022-00584-w
https://dx.doi.org/10.3390/nano11030749
http://www.ncbi.nlm.nih.gov/pubmed/33809764
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8002218
https://dx.doi.org/10.1111/cyt.13419
http://www.ncbi.nlm.nih.gov/pubmed/39012039
https://dx.doi.org/10.25259/CMAS_02_15_2021
http://www.ncbi.nlm.nih.gov/pubmed/35541029
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9079319
http://www.ncbi.nlm.nih.gov/pubmed/27272870
https://dx.doi.org/10.1093/rb/rbw001
http://www.ncbi.nlm.nih.gov/pubmed/27047672
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4817327
https://dx.doi.org/10.1089/wound.2018.0864
http://www.ncbi.nlm.nih.gov/pubmed/31737415
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6855292
https://dx.doi.org/10.1002/(SICI)1097-4636(199610)32:2<243::AID-JBM14>3.0.CO;2-K
http://www.ncbi.nlm.nih.gov/pubmed/8884502
https://dx.doi.org/10.1067/mcp.2001.113989
http://www.ncbi.nlm.nih.gov/pubmed/11240971
https://dx.doi.org/10.1164/rccm.200802-313OC
http://www.ncbi.nlm.nih.gov/pubmed/18635891
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2566794
https://dx.doi.org/10.7150/jca.40802
http://www.ncbi.nlm.nih.gov/pubmed/33391433
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7738992
https://dx.doi.org/10.1038/nbt1055
http://www.ncbi.nlm.nih.gov/pubmed/15637621
https://dx.doi.org/10.1016/j.biomaterials.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/29908343
https://dx.doi.org/10.3181/00379727-47-13084
https://dx.doi.org/10.5772/intechopen.73770


Explor BioMat-X. 2025;2:101344 | https://doi.org/10.37349/ebmx.2025.101344 Page 30

Cooper M, Lummas S. Immunohistochemistry and Immunocytochemistry: Essential Methods. In: 
Renshaw S, editor. 2nd ed. Chichester: John Wiley & Sons; 2017. [DOI]

136.     

Fuller BJ. Cryoprotectants: the essential antifreezes to protect life in the frozen state. Cryo Letters. 
2004;25:375–88. [PubMed]

137.     

Kim SW, Roh J, Park CS. Immunohistochemistry for Pathologists: Protocols, Pitfalls, and Tips. J Pathol 
Transl Med. 2016;50:411–8. [DOI] [PubMed] [PMC]

138.     

MacNeil T, Vathiotis IA, Martinez-Morilla S, Yaghoobi V, Zugazagoitia J, Liu Y, et al. Antibody 
validation for protein expression on tissue slides: a protocol for immunohistochemistry. 
Biotechniques. 2020;69:460–8. [DOI] [PubMed] [PMC]

139.     

Lu K, Wang D, Zou G, Wu Y, Li F, Song Q, et al. A multifunctional composite hydrogel that sequentially 
modulates the process of bone healing and guides the repair of bone defects. Biomed Mater. 2024;1:
035010. [DOI] [PubMed]

140.     

Mebratie DY, Dagnaw GG. Review of immunohistochemistry techniques: Applications, current status, 
and future perspectives. Semin Diagn Pathol. 2024;41:154–60. [DOI] [PubMed]

141.     

Shamskhou EA, Kratochvil MJ, Orcholski ME, Nagy N, Kaber G, Steen E, et al. Hydrogel-based delivery 
of Il-10 improves treatment of bleomycin-induced lung fibrosis in mice. Biomaterials. 2019;203:
52–62. [DOI] [PubMed] [PMC]

142.     

Chen Z, Wang L, Guo C, Qiu M, Cheng L, Chen K, et al. Vascularized polypeptide hydrogel modulates 
macrophage polarization for wound healing. Acta Biomater. 2023;155:218–34. [DOI] [PubMed]

143.     

Bloise N, Rountree I, Polucha C, Montagna G, Visai L, Coulombe KLK, et al. Engineering 
Immunomodulatory Biomaterials for Regenerating the Infarcted Myocardium. Front Bioeng 
Biotechnol. 2020;8:292. [DOI] [PubMed] [PMC]

144.     

Gudde AN, van Velthoven MJJ, Kouwer PHJ, Roovers JWR, Guler Z. Injectable polyisocyanide hydrogel 
as healing supplement for connective tissue regeneration in an abdominal wound model. 
Biomaterials. 2023;302:122337. [DOI] [PubMed]

145.     

Taniguchi D, Kamata S, Rostami S, Tuin S, Marin-Araujo A, Guthrie K, et al. Evaluation of a 
decellularized bronchial patch transplant in a porcine model. Sci Rep. 2023;13:21773. [DOI] 
[PubMed] [PMC]

146.     

Datta LP, Manchineella S, Govindaraju T. Biomolecules-derived biomaterials. Biomaterials. 2020;
230:119633. [DOI] [PubMed]

147.     

Ullah S, Chen X. Fabrication, applications and challenges of natural biomaterials in tissue 
engineering. Appl Mater Today. 2020;20:100656. [DOI]

148.     

Leung KS, Shirazi S, Cooper LF, Ravindran S. Biomaterials and Extracellular Vesicle Delivery: Current 
Status, Applications and Challenges. Cells. 2022;11:2851. [DOI] [PubMed] [PMC]

149.     

Hillman H. Limitations of clinical and biological histology. Med Hypotheses. 2000;54:553–64. [DOI] 
[PubMed]

150.     

Hernandez JL, Woodrow KA. Medical Applications of Porous Biomaterials: Features of Porosity and 
Tissue-Specific Implications for Biocompatibility. Adv Healthc Mater. 2022;11:e2102087. [DOI] 
[PubMed] [PMC]

151.     

Jalilinejad N, Rabiee M, Baheiraei N, Ghahremanzadeh R, Salarian R, Rabiee N, et al. Electrically 
conductive carbon-based (bio)-nanomaterials for cardiac tissue engineering. Bioeng Transl Med. 
2022;8:e10347. [DOI] [PubMed] [PMC]

152.     

Marin E, Boschetto F, Pezzotti G. Biomaterials and biocompatibility: An historical overview. J Biomed 
Mater Res A. 2020;108:1617–33. [DOI] [PubMed]

153.     

Kersey AL, Nguyen TU, Nayak B, Singh I, Gaharwar AK. Omics-based approaches to guide the design 
of biomaterials. Mater Today. 2023;64:98–120. [DOI]

154.     

James DS, Campagnola PJ. Recent Advancements in Optical Harmonic Generation Microscopy: 
Applications and Perspectives. BME Front. 2021;2021:3973857. [DOI] [PubMed] [PMC]

155.     

https://dx.doi.org/10.1002/9781118717769.ch1
http://www.ncbi.nlm.nih.gov/pubmed/15660165
https://dx.doi.org/10.4132/jptm.2016.08.08
http://www.ncbi.nlm.nih.gov/pubmed/27809448
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5122731
https://dx.doi.org/10.2144/btn-2020-0095
http://www.ncbi.nlm.nih.gov/pubmed/32852223
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7807291
https://dx.doi.org/10.1088/1748-605X/ad2ed1
http://www.ncbi.nlm.nih.gov/pubmed/38422521
https://dx.doi.org/10.1053/j.semdp
http://www.ncbi.nlm.nih.gov/pubmed/38744555
https://dx.doi.org/10.1016/j.biomaterials.2019.02.017
http://www.ncbi.nlm.nih.gov/pubmed/30852423
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6430662
https://dx.doi.org/10.1016/j.actbio
http://www.ncbi.nlm.nih.gov/pubmed/36396041
https://dx.doi.org/10.3389/fbioe.2020.00292
http://www.ncbi.nlm.nih.gov/pubmed/32318563
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7154131
https://dx.doi.org/10.1016/j.biomaterials.2023.122337
http://www.ncbi.nlm.nih.gov/pubmed/37793268
https://dx.doi.org/10.1038/s41598-023-48643-y
http://www.ncbi.nlm.nih.gov/pubmed/38066170
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10709302
https://dx.doi.org/10.1016/j.biomaterials.2019.119633
http://www.ncbi.nlm.nih.gov/pubmed/31831221
https://dx.doi.org/10.1016/j.apmt.2020.100656
https://dx.doi.org/10.3390/cells11182851
http://www.ncbi.nlm.nih.gov/pubmed/36139426
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9497093
https://dx.doi.org/10.1054/mehy.1999.0894
http://www.ncbi.nlm.nih.gov/pubmed/10859638
https://dx.doi.org/10.1002/adhm.202102087
http://www.ncbi.nlm.nih.gov/pubmed/35137550
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9081257
https://dx.doi.org/10.1002/btm2.10347
http://www.ncbi.nlm.nih.gov/pubmed/36684103
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9842069
https://dx.doi.org/10.1002/jbm.a.36930
http://www.ncbi.nlm.nih.gov/pubmed/32196949
https://dx.doi.org/10.1016/j.mattod.2023.01.018
https://dx.doi.org/10.34133/2021/3973857
http://www.ncbi.nlm.nih.gov/pubmed/37849910
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10521653


Explor BioMat-X. 2025;2:101344 | https://doi.org/10.37349/ebmx.2025.101344 Page 31

Yoon S, Cheon SY, Park S, Lee D, Lee Y, Han S, et al. Recent advances in optical imaging through deep 
tissue: imaging probes and techniques. Biomater Res. 2022;26:57. [DOI] [PubMed] [PMC]

156.     

Gokcekuyu Y, Ekinci F, Guzel MS, Acici K, Aydin S, Asuroglu T. Artificial Intelligence in Biomaterials: A 
Comprehensive Review. Appl Sci. 2024;14:6590. [DOI]

157.     

https://dx.doi.org/10.1186/s40824-022-00303-4
http://www.ncbi.nlm.nih.gov/pubmed/36273205
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9587606
https://dx.doi.org/10.3390/app14156590

	Abstract
	Keywords
	Introduction
	In situ hybridization of nucleic acids
	In situ hybridization of nucleic acids: a technique that allows us to identify specific sequences
	Protocol briefly: key steps for the technique
	In situ hybridization in biomaterials: applications and perspectives

	Recombinant DNA technology
	Recombinant DNA technology: a transformative tool for biomaterials
	Protocol at a glance: key steps for the technique
	Applications of recombinant DNA in the production of biomolecules and biomaterials for regenerative and therapeutic medicine

	Polymerase chain reaction
	Relationship between polymerase chain reaction and biomaterials: genetic amplification and molecular analysis
	Protocol at a glance: key steps for the technique
	Primer design
	Reaction mixture preparation
	Basic PCR protocol
	Thermal cycling conditions

	Applications for PCR in the evaluation of biological responses to biomaterials

	Immunocytochemistry
	Immunocytochemistry in the evaluation of biomaterials: fundamentals, methods, and applications
	Protocol at a glance: key steps for the technique
	Preparation of coverslips and cell seeding
	Fixation, permeabilization, blocking, and primary antibody incubation
	Washing, secondary antibody incubation, nuclear staining, and mounting

	Immunochemical techniques in the evaluation of biomaterials: applications, challenges, and perspectives

	Immunohistochemistry
	Fundamentals of immunohistochemistry and its application in biomaterials
	Protocol at a glance: key steps for the technique
	Tissue handling, fixation, and processing
	Sectioning, storage, and epitope retrieval
	Blocking steps
	Antibody incubation and detection
	Counterstaining, visualization, and mounting

	Application of immunohistochemistry in biomaterials research: evaluating biocompatibility and tissue regeneration

	Discussion, current challenges, and future perspectives
	Final remarks
	Abbreviations
	Declarations
	Acknowledgments
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

