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Abstract: Collagen, the primary structural protein in theraséllular matrix, has gained significant attentsma surface
modification agent for biomaterials due to its gx@nal biocompatibility, bioactivity, and abilityp promote cellular
adhesion and proliferation. Collagen coatings eobame integration of synthetic and natural biomalgwith biological

tissues, making them highly relevant in biomed@&aineering, regenerative medicine, and implantagldical devices.
This review explores the mechanisms by which cellegpatings improve biomaterial properties, inaigdieir role in

modulating surface chemistry, hydrophilicity, andllalar interactions. Furthermore, we discuss vaicoating
techniques, such as adsorption, covalent bindingd, edectrospinning, and their implications for optiing material

performance in biomedical applications. The adwgesaof collagen coatings in orthopedic, dental, eardiovascular
implants, as well as wound healing and drug deliwrstems, are also examined. By highlighting tbeemtial of

collagen-functionalized surfaces, this article jeg insight into the future directions of biomé&kinnovation aimed at
improving patient outcomes and medical device affjc

1 Introduction . N _

Organoids are three-dimensional (3D) cellular Due to their remarkable ability to replicate organ
structures that mimic key functional and structagpects complexity, organoids have become powerful tools in
of native organs. They are derived from stem cell§iomedical research. They are widely employed sealse
including pluripotent stem cells (PSCs) and adtdéms Mmodeling, where patient-derived organoids allow for
cells (ASCs), which self-organize into complexuisdike ~Personalized medicine approaches, including drug
architectures through intrinsic developmental paogs Screening and toxicity testing [8,9]. Additionally,
(Figure 1) [1,2]. Unlike traditional two-dimensidn@D) Organoids provide an innovative platform for stumdyi
cell cultures, organoids provide a physiologica#jevant developmental biology, as they enable researchers t
microenvironment, allowing for the study ofdissect the molecular and cellular mechanisms gaver
organogenesis, disease modeling, and regenerat®f@an formation. In tissue engineering and regeivera
medicine in a way that closely resembles in vivodiions ~ Medicine, organoids offer the potential to generate
[3-5]. transplantable tissues and serve as building bldoks

Organoid formation relies on the ability of stenficto ~ bioengineered organs. Their use in stem cell-based
undergo self-assembly and differentiation in resgoto therapies further highlights their significanceagivancing
biochemical and biophysical cues. The processisajly regenerative strategies for treating degenerativeades
initiated by embedding stem cells within a supperti and organ failure [3,10].
extracellular matrix, such as Matrigel, which paes the Despite their promise, several challenges remain,
necessary mechanical and biochemical signals ficluding scalability, vascularization, and funcizd
morphogenesis_ Growth factors and Signa“ng patbway'naturatlon, Wthh must be addr.essed befolre Orgar}0|d
regulate cell fate determination, guiding the ofgation based therapies can be fully integrated into dlinic
of cells into tissue-specific structures. This mitidation Practice. Nevertheless, ongoing advancements in
of developmental processes enables organoids fibiexhbiomaterials, bioprinting, and microfluidic ~ systems
functional properties similar to their corresporggotgans, continue to refine organoid technology, bringingliser
including tissue-specific cell types, spatial origation, to real-world applications in tissue engineeringd an
and even rudimentary physiological activity [6,7]. regenerative medicine [11,12].
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Figure 1 Differentiation of organoids from stemiseA Visual representation of organoid developnfesn Induced Pluripotent
Stem Cells (iPSCs), Embryonic Stem Cells (ESCd)Adalt Stem Cells (ASCs), categorized by gernr laygin (Ectoderm,
Mesoderm, Endoderm) (created with biorender.com)

2 Development of organoids

determination. By manipulating these signaling patys,

The development of organoids is a highly controllegesearchers can guide stem cells toward speaifeage

process that mimics early organogenesis by guisiem
cells through self-organization and differentiatiamo
functional tissue-like structures. This proces®ings key
cellular mechanisms, including stem cell
determination, spatial patterning, and microenvirental
regulation. The development of organoids can badiyo
categorized into three stages: stem cell selectind
initiation, directed differentiation and self-orgzeation,
and maturation and functional validation [13].

2.1 Stem cdl sdection and initiation

commitments, forming organoid structures that diose
resemble native organs [16,17].

fate2.2 Directed differentiation and sdlf-

organisation
One of the defining features of organoids is thbitity
to undergo self-organization, a process in whiclisce
autonomously arrange into complex structures that
replicate in vivo tissue architecture. This phenoareis
driven by intrinsic developmental programs thatutatp
cellular differentiation, polarity, and spatial feahing

Organoids are primarily derived from two main type$18].

of stem cells: pluripotent stem cells and adulinstells.
PSCs, including embryonic stem cells (ESCs) andded
pluripotent stem cells (iPSCs), possess the ability
differentiate into any cell type of the body, makithem
ideal for generating diverse organoid models [AgCs,
on the other hand, are tissue-resident stem cgbiahte of
differentiating into specialized cell types withtheir

The differentiation process relies on a combinatén
growth factors and small molecules that simulate th
embryonic developmental cues of specific organs. Fo
example, in brain organoids, dual inhibition of SBIA
signaling (TGFB and BMP inhibition) promotes neural
induction, while in intestinal organoids, activatiof Wnt
and R-spondin signaling supports crypt formatiom an

respective tissues. While PSC-derived organoids ag@ithelial differentiation. The interplay betweeellell

widely used for studying early organ developmer8CA
derived organoids are particularly useful for mougl
tissue homeostasis and disease [15]. The initigiltase

adhesion, cytoskeletal dynamics, and ECM interastio
further refines tissue organization, allowing fdnet
emergence of distinct compartments resembling riffie

involves embedding stem cells in a three-dimensionanatomical regions of the organ [19,20]. .
extracellular matrix (ECM), such as Matrigel, which As differentiation progresses, organoids begin to

provides the necessary mechanical
biochemical signals for cell adhesion and morphegen
The presence of specific signaling factors playsitical
role in directing initial cell proliferation and t&

support  asxhibit key features of their respective tissuas|uding

the presence of multiple cell types, functional dams,
and, in some cases, rudimentary physiological &gtiv
This stage is crucial for ensuring that organoid
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development accurately recapitulates in vivo cood, organoids in drug delivery is to study drug absorpt
making them suitable for downstream applications idistribution, metabolism, and excretion (ADME) ples.

disease modeling and regenerative medicine [20]. By mimicking the organs involved in drug metaboliand
transport, such as the liver, intestine, and kidney
2.3 Maturation and functional validation organoids can be used to evaluate how drugs acetsus

While early-stage organoids exhibit structural anghrough the gut, metabolized in the liver, or efiated
cellular similarities to their in vivo counterparteirther through the kidneys. This can help determine the
maturation is required to achieve full physiologicabioavailability and effectiveness of oral drugs,vesl as
functionality. Maturation involves extended cultureidentify potential toxic effects or interactionstiwiother
periods, refinement of differentiation protocolspnda medications. Intestinal organoids, in particulag aeften
integration of additional microenvironmental cusisch as  used to study how drugs cross the intestinal brearid are
mechanical forces and biochemical gradients. Onibeof absorbed into the bloodstream. By incorporating dmm
major challenges in organoid maturation is vasadsion, derived cells, these models can better predict the
as most organoids lack functional blood vessetsitiig ~ absorption of drugs in humans compared to tradition
their size and metabolic activity [10,2]. Recentamttes in  animal models Organoids also play a significant role in
co-culturing techniques, microfluidic systems, andtudying drug toxicity. Traditional in vitro celluttures
bioengineering approaches have enabled the develtipmmay fail to account for the complexity of humarstiss,
of vascularized organoids that exhibit improvedrient |eading to inaccurate predictions of how a drug agct
exchange and tissue survival. Additionally, incogtion  the bodly.
of stromal and immune cell components has enhanced By using organoids to simulate human tissue regsns
organoid complexity, bringing them closer to funoél researchers can identify potential toxicities eamdrug

tissues found in the human body [21,17]. development. For example, liver organoids can legl ts
assess hepatotoxicity, and cardiac organoids can be

2.4  Applicationsin medicine and biomedical employed to investigate cardiotoxicity. By undemstiag

engineering the toxicity profiles of drugs in more realistic rhan

The continuous advancement of biomedicamnodels, researchers can reduce the likelihood whfuk
engineering is essential for improving medicaltimeents, Side effects when the drugs are tested in clinicb.
enhancing the biocompatibility of materials, andvidg Although organoids present significant advantages i
innovation in personalized medicine [22]. Organaiffer ~drug delivery research, there are still challenges
an innovative platform for studying diseases at @en overcome. One limitation is the size and complexity
physiological level than traditional 2D cell cukst Due to  organoids, which can make large-scale productioh an
their complexity, they provide more accuratérigh-throughput screening difficult. As organoiditate
representations of human tissues and organs, egahi techniques improve, the scalability of organoid elsavill
study of disease mechanisms in a more relevanexbntlikely increase, allowing for more widespread useliug
[17]. For example, liver organoids have been usedddel delivery studies. Additionally, while organoids liepte
liver diseases such as hepatitis and cirrhosislevidrain ~ certain aspects of human tissue, they do not falbjicate
organoids have become crucial in understandirigje complexity of the entire organism, meaning rthei
neurodegenerative disorders like Alzheimer's an@redictive value for drug responses may still batéd in
Parkinson's disease. Additionally, organoids areertain cases. Advances in organoid technologyh sisc
increasingly used in drug screening and toxicoldgyy incorporating immune cells, vascular networks, atier
can be exposed to various pharmaceutical compatandscomponents, will help address some of these liroitat
test their effects on organ-specific functions,ditx, and and provide more comprehensive models for druyeisfi
efficacy. This reduces the reliance on animal noaeld research [25].
helps streamline the drug development process423,2

2.6 Disease modding
25 Drugdedivery One of the primary advantages of organoids in disea

Organoids are particularly valuable in drug deljver modeling is their ability to mimic the architectuaad
studies because they closely resemble the physialog function of human organs. Unlike 2D cultures, which
characteristics of human tissues. For example,r liveonsist of a single layer of cells, organoids dreed-
organoids can replicate hepatic metabolism, kidnegimensional structures that resemble the orgaoizathd
organoids can model renal filtration and excretiand complexity of actual tissues [26]. This allows @shers
intestinal organoids can simulate absorption anuidva to study diseases in a more physiologically relevan
functions. This allows for more realistic and potigie  context. For instance, intestinal organoids repdicthe
testing of how drugs behave within the human bodyillous structure of the human gut, enabling thededimg
providing crucial insights into pharmacokineticsdathe of gastrointestinal diseases such as Crohn’s diseas
mechanisms of drug action. One of the primary wdes ulcerative colitis, and infections like Clostridiudifficile.

These organoids can also mimic the effects of
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environmental factors, such as diet or microbiome, Organoids have also proven crucial in modeling
disease progression, providing valuable insights the neurodegenerative diseases, such as Alzheimer's,
gut-brain axis and the role of the intestinal larin Parkinson's, and Huntington's diseases. Brain oigan
disease. derived from neural stem cells, can replicate thikular
Authors Melzer et al. introduced the porcine unynardiversity and complex structure of the human brain,
bladder (PUB) as an advanced organ culture model fallowing researchers to study neurodegenerativeades
creating an ex vivo pancreatic niche, which enabihes in a way that was previously not possible. Thegawoids
study of pancreatic ductal adenocarcinoma (PDAG)s T model the early stages of disease, including the
model allows pancreatic progenitor cells to devaldp accumulation of amyloid plaques in Alzheimer'shar loss
ductal and endocrine lineages, with pancreatic-tiket of dopaminergic neurons in Parkinson's disease.
organoids (PDLOs) maturing into duct-like tissuéeneT Furthermore, they can be used to screen potential
PUB model supports the study of early pancreatipldsia therapeutic compounds, providing a more effectie¢hod
and cancer [8]. for identifying drugs that may slow disease progi@s
(Figure 2) or alleviate symptoms.
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Figure 2 Disease modeling and personalized thetegiyg induced pluripotent stem cells (iPSCs) derivem healthy somatic cells
via Lentivirus transduction (created with biorendem)

Wang et al. explored the potential of bone orgamoicdrgans, such as cystic fibrosis or Duchenne muscula
derived from stem cells for bone regeneration lwged dystrophy, can be modeled using patient-derived
challenges, such as the need for robust mechamippbrt organoids. For example, organoids derived fromicyst
through scaffolds and hybrid extracellular matrigSM). fibrosis patients can mimic the defective epitHetall
To overcome these obstacles, they developed a nofighction seen in the disease, providing a platfondrug
bioink made from gelatin methacrylate/alginatescreening and studying the underlying pathophygiolo
methacrylate/hydroxyapatite (GelMA/AIgMA/HAP), These models can also be used to explore how geneti
which was used in bioprinting to create intricade®ECM  mutations affect organ development and functioipihg
analogs. The bioprinted scaffolds supported thg-temm to identify novel therapeutic targets for rare dises that
cultivation, maturation, and differentiation of on currently lack effective treatments.
organoids, mimicking the natural bone's self-milizirey Revah et al. transplanted human stem cell-derived
properties [9]. cortical organoids into the somatosensory cortex of

Organoids are also instrumental in studying ramewborn athymic rats, where the organoids maturetl a
genetic disorders. Diseases that affect specg&ués or integrated into sensory and motivation-related uiisc
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MRI and single-nucleus profiling showed organoicand heterogeneity of primary tissues. The studyessis
growth, corticogenesis, and  activity-dependerthat patient-derived organoids can be a valualdé fay
transcriptional programs. Transplanted neuronsbield  exploring gallbladder tumor pathogenesis and deietp
more complex properties than in vitro counterpartgersonalized treatments [29].

enabling the discovery of defects in neurons fromokhy Immunotherapy, which utilizes the body's immune

syndrome patients [27]. system to fight cancer, has shown promise in trgadi
variety of cancers. However, the effectiveness of

2.7 Cancer treatment immunotherapies can vary greatly between patients.

Organoids derived from cancerous tissues offer @moOrganoids derived from patient tumors provide ajuei
accurate representation of tumors compared totivaei  platform  for testing the efficacy of different
2D cell cultures. They maintain the architecturgjutar immunotherapies, such as immune checkpoint inhihito
diversity, and genetic features of the original dupwhich CAR-T cell therapies, and cytokine therapies. Cance
is crucial for understanding the complexity of camc organoids can be co-cultured with immune cellsttimlys
Tumor organoids can be generated from differenégygf how the immune system interacts with the tumor.sThi
cancer, such as colorectal, breast, lung, pancreatid allows researchers to evaluate how immune celigraté
ovarian cancer, allowing for the study of tumotthe tumor, recognize cancerous cells, and whether t
progression, metastasis, and the molecular mechanistumor can evade immune detection. By using patient-
underlying cancer development. These models alsierived organoids in immuno-oncology studies, it is
provide a better means of recapitulating the tumdrossible to identify factors that predict responses
microenvironment (TME), which plays a critical rdle  immunotherapy and improve the selection of patierits
cancer behavior, including immune cell infiltration are most likely to benefit from these treatments.
hypoxia, and extracellular matrix composition. By
mimicking these factors, organoids serve as vatuabB Discussion
platforms for exploring how tumors interact with  Organoids represent a transformative advancement in
surrounding tissue and how the TME affects tumongn  the field of disease modeling, bridging the gapsveen
and therapy resistance. traditional 2D cell cultures and whole animal mad@&heir

Choi et al. developed a vascularized lung cancefaino ability to mimic human tissues more accurately,hbot
incorporating patient-derived lung cancer organdiaisy  structurally and functionally, has significantly emced
fibroblasts, and perfusable vessels using 3D hitipd. our understanding of complex diseases. As demdedtra
They utilized a porcine lung-derived decellularizedhroughout this article, organoids offer a more
extracellular matrix hydrogel to mimic the biocheali physiologically relevant model for studying a widege
composition of native lung tissue, providing phgsiand  of diseases, including genetic disorders, neuraurgéive
biochemical cues for the cells within the LCdiseases, infectious diseases, and cancer, ambegsot
microenvironment [28]. They allow for the replication of human tissue éetture,

One of the most promising applications of organaids cellular diversity, and microenvironments, whiche ar
cancer treatment is their role in personalized oieei critical for understanding disease mechanismsdhanot
Organoids derived from a patient's own tumor a&fler a  be fully captured by animal models or traditional c
unique opportunity to test a range of chemothegpiecultures.
targeted therapies, and immunotherapies beforelidgci Patient-derived organoids (PDOs) are particularly
on a treatment plan. This personalized approachshelaluable in the context of personalized medicineuBing
determine which drug or combination of therapiek bé  organoids derived from individual patients, reshars can
most effective for the individual, reducing thekrief create models that closely mimic the specific genet
adverse side effects and improving overall treatmemolecular, and environmental factors influencingedise
outcomes. Organoid-based drug screening platfoavs h development in that patient. This personalized @gir
been used in clinical settings to identify the mefétctive allows for the evaluation of therapeutic strategatored
treatment options for patients. For example, pgtieno the patient's unique disease profile, potentiaading
derived organoids (PDOs) from colorectal cancerloan to more effective and targeted treatments. For @lam
exposed to various chemotherapy agents, and thenss organoid models of cancer have shown promise in
can be monitored in real-time to predict how thégma  identifying the most effective therapies for specitimor
will respond to the same drugs in vivo. This helpsypes, enabling the testing of drug combinationsain
clinicians select the best course of action fohgzatient, patient-specific context. Similarly, organoids eed from
tailoring treatment to the specific molecular amhefic patients with genetic diseases, such as cystiodibror
characteristics of their cancer. Duchenne muscular dystrophy, can be used to téestipal

Yuan et al. established organoid lines from humagene therapies or drug candidates tailored to dtient’s
gallbladder carcinoma (GBC), normal gallbladderd anspecific mutation.
benign gallbladder adenoma tissues. These organoidsDespite their significant advantages, the use of
accurately reflected the histopathology, genetatuiees, organoids in disease modeling is not without itslleimges.
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One of the key limitations of organoid models igith
inability to fully replicate the complexity of enti organs
or the interactions between different organ systéfftsle
organoids capture the cellular diversity and aectitral
features of individual tissues, they do not mintie full
range of physiological processes that occur in @levh
organism [30].

Despite these limitations, organoids remain a pawer
tool in disease modeling, offering a more accuenid

relevant model for understanding human diseasesy Th

provide a unigue opportunity to study disease nmaishzs
in ways that were previously not possible, esphcialthe
context of rare genetic disorders and complex rsyltem
diseases. Furthermore, organoids are being uséelsto
drug candidates, identify biomarkers, and explasgeh
therapeutic strategies, contributing to the dewvelent of
more effective treatments for a wide range of disea
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