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Abstract: Exosomes, nanoscale extracellular vesicles, are a hot area of investigation in the
biomedical field, as they have been shown to play a crucial role in the physiology of numerous
tissues, including bone. This study explores the landscape of exosome-based bone regeneration
research using infometric techniques. By relying on BERTopic, an advanced topic modeling
algorithm, we analyzed a comprehensive corpus of scientific literature to identify key themes and
trends in exosome research in the bone regeneration field. We then extracted significant concepts
from the abstracts of the corpus and used them to create knowledge graphs using GPT 3.5 turbo
Large Language Model, to map the distribution of information within this domain. The resulting
ideoscape highlights the key ideas that aggregate most of the recent research in the area, from
mesenchymal stem cell-derived exosomes to engineered exosome-integrated biomaterials. This
exploration provides a holistic view of the field and uncovers its emerging trends, providing useful
insight to guide future research directions.

Keywords: exosomes; bone regeneration; BERTopic; knowledge graph; osteogenesis; tissue
engineering; regenerative medicine

1. Introduction

Exosomes are a subtype of extracellular vesicles (EVs) released from eukaryotic and prokaryotic
cells and defined as a spheroidal structure composed of a lipid bilayer containing a wide variety of
cargo, depending on the donor cell type and their physiological conditions (Lange et al., 2024). These
nanoscale vesicles usually range from 30 to 150 nanometers (average 100nm) in diameter and have
an endosomal origin (Théry et al., 2006). They are formed through sequential invaginations of the
plasma membrane that lead to the formation of multivesicular bodies (MVBs) containing
intraluminal vesicles (ILVs) which are ultimately secreted via exocytosis as exosomes (Arya et al.,
2024). The interaction of MVBs with other vesicles and intracellular organelles contributes to the
diversity of exosome constituents, such as DNA, RNA, lipids, metabolites, and cytosolic and cell-
surface proteins (Kalluri & LeBleu, 2020). By transferring these bioactive molecules between cells,
that exosomes are natural endogenous nano-carrier that play a crucial role in near and long-distance
intercellular communication in health and disease (Mathieu et al., 2019). Their intrinsic properties in
regulating complex intracellular pathways have drawn significant interest and enhanced their
potential utility in the field of early diagnosis and therapy of tissue diseases (Harrell et al., 2020;
Kucuk et al., 2021; Mukherjee et al., 2022).

Bone tissue engineering (BTE) that uses stem cells has become a potential strategy for tissue
defect regeneration and, in this regard, mesenchymal stromal/stem cells (MSCs) have been shown to
be efficacious for the treatment of bone defects and diseases (Egido-Moreno et al., 2021; Xue et al.,
2022). Interestingly, accumulating evidence indicates that the regenerative effect of MSCs is primarily
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to promote the activity of tissue-resident recipient cells through paracrine, such as exosomes (X.
Wang & Thomsen, 2021). As a key element of cell-free therapy, exosome is becoming a promising
tool of bone regeneration in recent decades (Tan et al., 2020; Torrecillas-Baena et al., 2023), because of
its promoting osteogenesis and osteogenic differentiation function in vivo and in vitro by overcoming
the disadvantages of their cellular counterparts due to their low immunogenicity, small size, and
wide range of sources (Irfan et al., 2023). Furthermore, in order to enrich the exosomal cargo and
increase exosome targeting efficiency, engineering exosomes and exosome-integrated biomaterials
have been developed and shown to achieve ideal capabilities, such as specific bone targeting, better
osteogenic and angiogenic properties and bone healing promotion (Meng et al., 2022). In light of these
findings, exosomes have been shown to be a valid alternative to traditional cell-based therapies and
an attractive strategy for therapeutic purposes in bone repair, regeneration and age-related defects.

To better understand the potential of exosomes for bone regeneration, it is essential to
understand the current landscape of research in this fast-moving field. In this study, we take an
computational approach to explore the knowledge structure surrounding exosome research focused
on bone regeneration. A useful heuristic concept we use is the "macroscope,” a metaphorical tool
introduced by de Rosnay in the 1970s. (De Rosnay, 2014) Unlike a microscope, which zooms in on
tiny details, or a telescope, which looks at distant objects, a macroscope provides a broad, integrative
view of large-scale patterns and structures. Instead of focusing on the results individual reports have
contributed to the field, we focus our attention on the themes that compose this research mosaic, and
how they intersect.

The macroscope is advantageous to explore the ideoscape of this research field. The concept of
"ideoscape” helps us visualize and analyze the flow and distribution of information within a scientific
domain. Originally used in anthropology, "ideoscape" combines "idea" with the suffix "-scape,”
suggesting a landscape of information that can be explored (Appadurai, 1996). In anthropology, this
concept helps understand how information moves within and between cultures, shaped by social
practices, media, and technology. When applied to scientific research, we use this ideoscape concept
to map out how knowledge is produced and disseminated, showing how certain studies or topics
become influential and how new ideas spread.

To this purpose, we employ advanced topic modeling techniques, using transformer-based
embeddings and the BERTopic algorithm (Grootendorst, 2022). Transformer-based embeddings, like
those from BERT (Bidirectional Encoder Representations from Transformers), offer a deep
understanding of text, which improves the accuracy of topic modeling (Q. Liu et al., 2020). BERTopic
uses these embeddings to create dynamic topic representations, helping us identify evolving themes
and trends in exosome research (Z. Wang et al, 2023). By integrating these methods, we
systematically analyze a large collection of scientific articles on exosome research, giving us a
comprehensive view of the field.

This macroscopic approach is particularly useful in today's globalized world, where scientific
research is shaped by various factors, including funding, collaboration networks, technological
advancements, and socio-political contexts (Borner & Record, 2017). Unlike a traditional narrative or
systematic review, which are invaluable at understanding what research has elucidated on a given
topic, mapping out knowledge production in a research field helps us understand its development,
the forces at play, and identify gaps or opportunities for future research.

2. Materials and Methods

Data were analyzed on Google Colab Pro notebooks powered by Python 3.10.12 (Bassi, 2007)
and running on T4 GPUs (Jia et al., 2019). The dataset was created with the Biopython library (Cock
et al., 2009) through a query-driven exploration of MEDLINE using the Entrez.esearch function. The
query utilized for this exploration was:

"Exosome*”[MeSH] OR "Exosome*”[Title/Abstract] OR "Extracellular Vesicle*"[Title/Abstract] OR
"Microvesicle*”[Title/Abstract]) AND  ("Tissue Regeneration”[Title/Abstract] OR  "Regenerative
Medicine”[MeSH] OR "Regenerative Medicine”[Title/Abstract] OR "Tissue Repair”[Title/Abstract] OR
"Regenerative Therapy"[Title/ Abstract] OR "Wound Healing”[MeSH]
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We iterated the web scraping process through Entrez.efetch spanning publication years from
1952 to 2025. We thus retrieved PubMed ID (PMID), title, publication year, authors, abstract, and
Mesh keywords for all publications, and formatted them into a pandas dataframe (Mckinney, 2010).

We decided to classify articles based on their titles, as these are a summary of the article topic
(Cook et al., 2007): a title is usually designed to communicate the gist of a report in few words, and
we thus deemed it useful to characterize the article’s topic (Hartley, 2007). The dataset was not pre-
processed, unlike previous publications (Guizzardi et al., 2023), besides removing entries without
titles. We did not remove stopwords—common grammatical words with no semantic meaning —to
let BERTopic use them to create contextual embeddings (Saif et al., 2014).

Embeddings are dense vectors that semantically encode word meanings into high-dimensional
space (Gutiérrez & Keith, 2019). Unlike previous algorithms (S. Wang et al., 2020), BERT understands
context and produces different embeddings for the same word based on its context (Q. Liu et al., 2020;
Vaswani et al., 2017), which is crucial for nuanced semantics in titles.

We used BERTopic to extract topics from publication titles in our dataset. BERTopic involves
taking the embedding models, reducing their dimensionality, clustering them, and tagging the
clusters with an algorithm known as cTF-IDF (Qaiser & Ali, 2018)(D. D. Xu & Wu, 2014). We selected
Huggingface's ‘all-mpnet-base-v2’ model, pre-trained on over 1 billion token pairs. These multi-
dimensional embeddings needed dimensionality reduction to maintain the data's topological
structure. We used UMAP, which constructs a high-dimensional graph and optimizes it in lower-
dimensional space (McInnes et al., 2018). Documents were then clustered with HDBSCAN to detect
high-density semantic areas, forming clusters (Mclnnes et al., 2017). cTf-Idf was then applied to
highlight key topic words within clusters.

Besides, BERTopic supports topic fine-tuning with additional representation models. We used
KeyBERT and Maximal Marginal Relevance (MMR) models. KeyBERT uses the transformers library
to extract keywords (Issa et al., 2023), using a Bag of Words approach (Y. Zhang et al., 2010). The
similarity between document embeddings and keyword embeddings is then compared to select the
most similar keywords. MMR selects keywords similarly to KeyBERT but it is designed to boosts
their diversity to capture a broader spectrum of meaning (Bennani-Smires et al., 2018).

Default topic labels in BERTopic are just a string of its 4 main keywords. We used OpenAl's
GPT-3.5 Turbo to generate more readable labels for the topics. A Large Language Model (LLM) like
GPT-3.5 Turbo is capable to understand, interpret, and produce human language in a coherent and
contextually appropriate manner (Thirunavukarasu et al., 2023). LLMs need a prompt from users,
which serves as the starting point for the model to generate relevant text based on the information
provided. We set the following prompt:

I have a topic that contains the following documents:

[DOCUMENTS]

The topic is described by the following keywords: [KEYWORDS]

Based on the information above, extract a short but highly descriptive topic label of at most 5 words. Make
sure it is in the following format:

topic: <topic label>

Stopwords were removed after topic creation, using the sklearn Countvectorizer function (Akre
et al., 2023).

Data were visualized using BERTopic’s inbuilt functions, and the matplotlib (Hunter, 2007) and
seaborn libraries (Waskom, 2021). In addition, the Datamapplot library was utilized for effective
cluster visualization (McInnes, 2024).

The trend in research topics was analyzed by a linear regression model using the scipy
Linregress library (Virtanen et al.,, 2020). The independent variable was the publication year in
different time intervals, and the dependent variable was the number of papers within a given topic.
The slope indicated how quickly the number of papers on a given topic rose over the time interval.

To investigate the structure (or ideoscape) of individual topics, we resorted to knowledge graphs
(Jietal,, 2022). To capture the semantic meaning of the abstracts, we employed GPT-3.5-turbo model,
using the following prompt:

d0i:10.20944/preprints202407.2583.v1
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You are an expert in extracting key concepts, keywords, and relationships from scientific text for creating
a knowledge graph.

Please extract the key concepts and their relationships from the following text. Make sure to provide
meaningful labels and categories for each concept and normalize similar keywords to the same form. Use a
concise and clear format.

Here's the text:

\n\nftext}\n\n

Return the result in JSON format with 'nodes’ and "relationships’ keys.

The results returned in JSON format containing nodes' and 'relationships' keys. Each concept
was also categorized according to a predefined taxonomy, including categories such as Disease,
Symptom, Treatment, Medicine, Process, Component, and others. We then utilized SpaCy for
lemmatization and tokenization to normalize keywords and relationship labels extracted from the
abstracts (Honnibal & Montani, 2017).

We established a connection to a Neo4j graph database (Miller, 2013) to store and visualize the
relationships between the extracted concepts, with each article title represented as a 'Title' node, and
relationships created between these nodes and their corresponding concept nodes. 'Year' nodes were
also created to indicate the publication year of each article and connected to the 'Title' nodes. The free
Neo4j aura online browser was used to execute Cypher queries and for creating and managing nodes
and relationships in the Neo4j database.

3. Results and Discussion

3.1. Overview of the Dataset

As the purpose of the current investigation was to focus on research on the role of exosomes in
tissue regeneration, and more precisely on bone regeneration, our resulting dataset was quite small
(n=2868); the earliest articles did not date to before 1995 and the dataset mostly comprised recent or
very recent research products, as shown in Figure 1.
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Figure 1. This barchart represents the distribution of publications in our dataset over the years.

As with most of the biomedical literature, the number of articles has been exponentially
increasing in the last few years, and, in the case with exosomes in tissue regeneration, within the last
decade. The number of published articles in 2024 is understandably lower than in 2023, at the time
this manuscript is written.
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To get an overview of the knowledge structure of this science field, we focused our subsequent
analysis on the titles of the articles in the dataset, and we ran the BERTopic algorithm on them.
BERTopic segments a dataset of unstructured documents by clustering them based on their
semantics. This is made possible by encoding every document, in this case every title, using
transformer-based models, which generate sentence embeddings, i.e. a numerical representation of
the text meaning. BERTopic can thus cluster these embeddings based on their similarity and,
extracting representative keywords for each title cluster, can produce a description of its content. To
obtain more readable topic labels and get a more ‘human’ feeling, we decided to use OpenAl's GPT
to label them, in addition to BERTopic default meaning representations. GPT is a large language
model (LLM), i.e. an artificial intelligence model capable to understand and generate language with
a high degree of similarity to human language (Sarker, 2024). A brief comparison of the available
GPT models up to the latest GPT 40 model showed no apparent difference, and given the remarkably
lower usage cost, we opted for the GPT 3.5 turbo model.

This level of granularity in topic analysis can be fine-tuned arbitrarily. For our purposes, we set
the minimum cluster size to 30, i.e. we excluded clusters with fewer than 30 articles. Articles that
could not be classified into any other groups were allocated to a '-1' group.

BERTopic analysis, when executed with these parameters, revealed several key research areas
within the academic literature on exosomes and a list of the identified topics can be found below
(Table 1). For every topic group, we indicated the number of articles in it, its default name, which
BERTopic creates by chaining together the 4 most relevant keywords that characterize it, the
keywords extracted with the KeyBERT and MMR algorithms and the label obtained from the LLM.

Table 1. The table contains the list of topics identified by BERTopic, in order of size, in our exosome

dataset.
TopicCount Name KeyBERT MMR LLM
['extracellular vesicles',
'derived exosomes',
‘extracellular vesicle', ['stem’, 'cells', 'derived’,
'exosomes’, 'derived ‘cell’, 'extracellular’,
extracellular’, 'stem cells', 'vesicles', 'extracellular ['Stem Cell-
- 'stem cell', 'exosome’, vesicles', Derived Vesicles
1_stem_cells_derived_cel 'vesicles', regenerative 'mesenchymal’, 'stem in Regenerative
-1 391 1 medicine'] cells', 'stem cell'l]  Medicine']
['bone regeneration’,
'vesicles bone',
'extracellular vesicles’, [bone', 'regeneration’,
‘marrow mesenchymal’, 'stem’, 'exosomes’,
‘extracellular vesicle', 'derived’,
‘exosomes derived', 'stem 'osteoarthritis', 'cells’,
cells', 'stem cell', 'tissue 'stem cells', ['Stem Cells for
0_bone_regeneration_ste regeneration', 'cartilage ‘mesenchymal’, Bone
0 443 m_exosomes regeneration'] ‘extracellular'] Regeneration']
['exosomes adipose’, ['diabetic’, 'adipose’,
'healing exosomes', 'wound', 'wound
'exosomes promote’, healing’, 'healing’, ['Exosomes  for
1_diabetic_adipose_wou 'exosomes derived’, 'derived’, 'diabetic  Diabetic Wound

1 354 nd_wound healing 'vesicles adipose’, wound', 'adipose  Healing']
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2_extracellular_vesicles_

extracellular

vesicles_extracellular

2 239 vesicle
3_exosomes_derived
3 207 exosomes_cell_derived
4_amniotic_lung_cell_cel
4 161 Is
5_wound_wound
5 146  healing_healing_skin
6_mesenchymal_stem_ce

6 133 1ls_medicine

'derived exosomes', 'stem

cells', 'exosomes', 'adipose

derived’, 'stem’,

‘exosomes']

mesenchymal', 'adipose

derived']
['vesicle therapeutics',
‘extracellular vesicles',
‘extracellular vesicle',
'vesicles regenerative',
'vesicles extracellular’,
'vesicles novel', 'vesicle
mediated’, 'vesicles

tissue', 'vesicles new’,

'vesicles cell']

['extracellular’,
'vesicles', 'extracellular
vesicles', 'extracellular
vesicle', 'vesicle',
'tissue', 'regenerative', ['Extracellular
‘regenerative medicine', Vesicles in
'medicine’, Regenerative

'applications'] Medicine']

['exosomes regenerative’,

'exosomes derived’,
'exosomes research’,
‘engineered exosomes',
'derived exosomes',
'exosomes new', 'cell
exosomes', 'exosomes
tissue', 'exosomes', 'role
exosomes']
['stem cell', 'stem cells',
‘extracellular vesicles',
'derived extracellular',
'derived exosomes',
'exosomes’, 'regenerative
medicine', 'covid 19', 'cell
derived’, 'cell
extracellular']
['vesicles skin',
‘extracellular vesicles',
‘extracellular vesicle',
'vesicles wound', 'vesicles
derived', 'healing
mesenchymal’, 'healing
cell', 'healing skin', 'skin
regeneration', 'wound
healing']
['stem cells', 'stem cell',
'regenerative medicine',
‘mesenchymal stem’,

'cells regenerative', 'cell

['exosomes', 'derived
exosomes', 'cell’,
'derived’, 'stem’,

'mesenchymal stem’,
‘mesenchymal’, ['Mesenchymal

‘exosome’, 'stem cell’, Stem Cell

‘cell derived'] Exosomes']

['amniotic', 'lung’, 'cell’,
'cells’, 'mesenchymal’, ['Mesenchymal
'stem’, 'covid’, '19',

stem cell

'covid 19', 'extracellular therapies for

vesicles'] COVID-19]

['wound', 'wound
healing', 'healing’,
'skin', 'extracellular’,

'vesicles', 'extracellular ['Extracellular
vesicles', 'skin wound', Vesicles in Skin
‘cells', 'stem'] Healing']

['mesenchymal’, 'stem/,
‘cells', 'medicine’, 'stem ['Regenerative
cells', 'regenerative’, Medicine with

'regenerative medicine',Stem Cells']
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therapy’, 'tissue

regeneration’, 'secretome

mesenchymal’,
‘'mesenchymal stromal’,
'human mesenchymal']
[healing exosomes',
'exosomes wound',
'exosomes derived’,
'exosomes promote’,
'derived exosomes,

7_wound_wound 'exosomes', 'exosomes

healing_exosomes_healin released’, 'exosome’, 'skin

7 128 g

['treatment spinal’, 'cells

spinal’, 'recovery spinal’,

'derived exosomes', 'stem

cell’, 'stem cells',
'exosomes improve',
'exosomes', nerve
8_injury_spinal_spinal

regeneration’, 'spinal

8 119 cord_cord injury cord']
['extracellular vesicles',
'vesicles regenerative',
‘extracellular vesicle',
'vesicles derived',
'vesicles extracellular’,
'vesicles provide',
9_mesenchymal_extracell 'vesicles mesenchymal’,
ular 'vesicles isolated’,
vesicles_extracellular_ves 'derived extracellular’,

9 109 icles 'vesicles tissue']

['cardiac regeneration’,

'vesicles cardiac', 'cardiac

repair’, 'cardiac cell',

regeneration’, 'stem cells']

'mesenchymal stem',

‘cell’, 'stromal']

['wound', 'wound
healing’, 'exosomes’,
'healing’, 'skin’,
'cutaneous’, 'derived’, ['Exosome-
'derived exosomes', enhanced
'cutaneous wound', cutaneous wound

'exosomes derived'] healing']

['injury’, 'spinal’, 'spinal

cord', 'cord injury’,

'vesicles cardiovascular', 'repair’, 'extracellular’,

'cardiomyocytes', 'cells
cardiac', 'cardiac tissue',

10_cardiac_heart_myocar 'vesicles therapeutic',

10 91 dial_cardiovascular 'cardiac progenitor']
['exosomes cardiac',
'exosomes
11_exosomes_myocardial cardiovascular', 'injury
11 69 _cardiac_exosome exosomes', 'exosomes

‘cord’, 'brain’, 'neural’, ['Stem Cell
'stroke’, 'stem/, Therapy  Spinal
'traumatic'] Injury']
['mesenchymal’,
‘extracellular vesicles',
‘extracellular’, 'vesicles',
'derived extracellular’,
'cell derived’, [Mesenchymal
'mesenchymal stem', Stem Cell
'stromal’, 'mesenchymalExtracellular
stromal’, 'derived'] Vesicles']
['cardiac’, 'heart],
‘myocardial’,
'cardiovascular’,
'vesicles', 'extracellular
vesicles', 'cardiac  ['Cardiac Repair

repair’, 'cardiac with Extracellular

regeneration'] Vesicles']
['exosomes’,

‘'myocardial’, 'cardiac’, ['Exosome

in

'exosome’, Therapy

'cardiovascular’,  Cardiac Repair']
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derived', 'cell exosomes', 'myocardial infarction’,
'derived exosomes', 'infarction’, 'derived’,
‘exosomes', 'roles 'heart’, 'ischemic']
exosomes', 'exosomes
secreted’, 'injury
exosome']
['vesicles kidney',
'vesicles renal’,
‘extracellular vesicles',
‘extracellular vesicle', ['kidney', 'renal’,
'injury extracellular’,  'kidney injury', 'acute

'renal injury’, 'cells  kidney', 'injury’, 'acute’,

kidney', 'cells renal’, 'extracellular’, ['Extracellular
12_kidney_renal_kidney 'kidney regeneration’, ‘extracellular vesicles', Vesicles in
12 56 injury_acute kidney 'kidney injury'] 'vesicles', 'cellsT  Kidney Injury']

['exosomes corneal’,
'vesicles corneal’, 'corneal  ['corneal’, 'corneal
epithelial’, 'cell epithelial’, 'retinal’,

exosomes', 'corneal cell’,  'epithelial’, 'corneal

'exosomes’, 'derived stromal’,
13_corneal_corneal exosomes', human ‘mesenchymal’, 'cells’, ['Exosome-based
epithelial_retinal_epitheli ~ corneal, 'treatment ‘cell', 'mesenchymal Corneal Wound
13 53 al corneal’, 'corneal wound'] stem’, "human corneal'] Healing']

['exosomes tendon',
'tendon regeneration’,
‘tendon healing', ['tendon’, 'cuff',
‘promote tendon’, 'tendon 'rotator’, 'rotator cuff,
repair’, 'improve tendon', 'healing’, 'bone', 'bone

‘enhance tendon', 'cuff healing’, 'tendon bone', ['Exosome

14_tendon_cuff_rotator_r tendon', 'cuff healing’, 'tendon healing’,  Therapy for
14 47 otator cuff 'tendon injury'] ‘achilles'] Rotator Cuff']
[liver regeneration’, ['liver', 'fibrosis’,
'hepatic fibrosis', 'liver 'hepatic',

fibrosis', 'secretome liver’, 'mesenchymal’, 'liver
‘ameliorate hepatic', 'cells fibrosis', 'mesenchymal

liver', 'stem cells', 'stem stem’, 'stem’, 'cells’, ['Mesenchymal

15_liver_fibrosis_hepatic cell', 'liver stem, 'liver diseases', Stem Cells in
15 44 _mesenchymal ‘'mesenchymal stem'] 'derived'] Liver']
16_microvesicles_derive ['microvesicles ['microvesicles',
d regeneration’, 'derived microvesicles',

microvesicles_microvesic 'microvesicles derived', 'microvesicles derived', [ Therapeutic
les derived_role 'derived microvesicles',  'role microvesicles'’, Role of Stem

16 39 microvesicles 'microvesicles 'derived’, 'tissue’,  Microvesicles']
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mesenchymal’, ‘'mesenchymal’, 'stem’,
'microvesicles cell’, 'mesenchymal stem’,
'healing microvesicles', 'role']

'microvesicles tissue',
'extracellular
microvesicles',
'microvesicle mediated’,
'microvesicles
intercellular']
['exosomal micrornas’,

‘micrornas mesmirizing’',

'micrornas’, 'microrna ['micrornas’, 'mir’,
stem’, 'micrornas '‘exosomal’, 'microrna’,
derived', 'microrna’, 'mirna’, 'cells’,
'micrornas novel', ‘mesenchymal’, ['Exosomal
'exosomal mir’, 'mesenchymal stem', MicroRNAs in
17_micrornas_mir_exoso 'micrornas perspective’, ‘cancer’, 'exosomal Mesenchymal
17 39 mal_microrna 'micrornas vascular'] micrornas'] Cells']

The largest topic group, interestingly, is topic #0 Stem Cells for Bone Regeneration (n = 443),
followed by topic #1 Exosomes for Diabetic Wound Healing (n = 354). Some topics are more general
and reflect lexical differences rather than a specific focus, such as topic #2 Extracellular Vesicles in
Regenerative Medicine. Other topics are more focused on the application of exosome research in
specific fields, such as #5 Extracellular Vesicles in Skin Healing (n = 146), #8 Stem Cell Therapy for
Spinal Injury (n = 119), and topic #10 Cardiac Repair with Extracellular Vesicles (n = 91).
Unsurprisingly, these topics are not represented consistently over the span of the last 30 years. Figure
2A shows the number of topics over time in our dataset. The number of topics increased progressively
since 1995 and reached the final level of 19 topics only in 2019, indicating that research has been
expanding in quantity and in scope, with new areas of research being actively investigated and added
to the field.

2025

175
2020

2015

2010

2005

Number of Topics
Earliest Year

2000

1995

1830
4 o 1 2 3 4 5 6 7 B 8 W 11 12 13 14 15 16 17

0
1995 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 _
year Topic

Figure 2. A) Barchart representing the number of topics in the dataset per year. B) Barchart

representing the earliest publication per topic.

Figure 2B indicates that the oldest - and largest - topic is #0 Stem Cells for Bone Regeneration.
Most other topics emerged during the 2010-2015 period, with the most recent being topic #14
Exosome Therapy for Rotator Cuff (n =47).

To obtain a visual representation of how this research field is structured and understand the
knowledge architecture of this research area, we reduced the embeddings to 2 dimensions, using the
dimensionality reduction algorithm UMAP, so that each title could be represented as a dot in a
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cartesian semantic space. Dots that are closer together represent article titles with similar meanings,
while dots that are farther apart indicate articles with more distant topics, even though the actual
placement of the dots is random. Figure 3 displays a scatter plot for the 2868 titles in the exosome
dataset. Grey dots represent unclassified titles scattered across the semantic space and classified by
HDBSCAN as cluster -1. Interestingly, the left part of the semantic space is populated by articles on
wound healing, such as skin wound healing and diabetic wound healing, which are understandably
close to each other. Bone regeneration research is clustered in a different area, closer to mesenchymal
stem cell research, rotator cuff research, and maybe surprisingly, corneal wound healing research.

3.2. Exosomes for Bone Regeneration

We then decided to focus our attention on bone regeneration alone, and isolated the papers
belonging to topic #0, re-running BERTopic on this subset alone. BERTopic thus identified 7 topics
(Table 2) within the bone subset. Noticeably, only 14 articles remained unclassified in the -1 cluster,
while most of the articles of the dataset was allocated to a specific group.

The largest topic, #0 (n=126), was labelled quite generically “Mesenchymal Stem Cell Therapy”
by GPT. Insights into its content can be provided by its keyword descriptors, which situate it quite
firmly in the orthopedic area, with special focus on osteoarthritis:

['cells osteoarthritis', 'cartilage regeneration’, 'exosomes derived’, 'stem cells’, 'stem cell,
'treatment osteoarthritis', 'extracellular vesicles', 'derived exosomes', 'osteoarthritis treatment’,
‘mesenchymal stem']

Visual inspection of the topic group revealed several papers devoted to this theme, e.g.:

“Mesenchymal stem cell-derived exosomes as a promising cell-free therapy for knee osteoarthritis.” (Luo
et al., 2024)

“Exosomes Reshape the Osteoarthritic Defect: Emerging Potential in Regenerative Medicine-A
Review.”(Sankaranarayanan et al., 2024)

“Exosomes Derived from Bone Marrow Mesenchymal Stem Cells Alleviate Rheumatoid Arthritis
Symptoms via Shuttling Proteins.”(L. Wang et al., 2024)

“Exosomes derived from MSC as drug system in osteoarthritis therapy.”(Wen et al., 2024)

Topic #1, a similarly large cluster (n=103) appeared to mostly contain research on bone fractures
and bone healing and LLM thus labelled it “Bone fracture healing exosomes”. A closer inspection of
the cluster revealed that it contained at least 2 main research lines, i.e. both articles investigating the
physiological role of exosomes in bone repair, e.g.:

“Proteomic analysis of exosomal proteins associated with bone healing speed in a rat tibial fracture
model.” (Hong et al., 2024)

“Cellular and Molecular Connections Between Bone Fracture Healing and Exosomes.” (Lv et al., 2023)

and research articles devoted to the biotechnological use of exosomes to improve bone healing,
e.g.

“Role of nano-hydrogels coated exosomes in bone tissue repair.” (Pan et al., 2023)

“Enhancing bone regeneration and immunomodulation via gelatin methacryloyl hydrogel-encapsulated
exosomes from osteogenic pre-differentiated mesenchymal stem cells.” (Li et al., 2024)

Topic #2 Dental Stem Cell Regeneration (n=80) and topic #4 'Dental Pulp Stem Cell Exosomes
(n=48) were mostly centered about dental and periodontal applications of exosomes. As their LLM
label might not fully account for the difference between these two topic clusters, we inspected the
keyword descriptors for topic #2:

[periodontal regeneration’, 'vesicles periodontal’, 'vesicles dental’, 'periodontal tissue’, 'pulp
regeneration’, 'regeneration dental’, 'pulp periodontal’, 'extracellular vesicles', 'extracellular vesicle',
‘dental pulp']

which suggests that this topic contains articles focusing on periodontics applications of
exosomes. This was confirmed through visual inspection of this group, which revealed academic
articles in the periodontics area, e.g.:

“Clinical Efficacy of Extracellular Vesicle Therapy in Periodontitis: Reduced Inflammation and Enhanced
Regeneration.” (Puletic et al., 2024)
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“3D bioprinted small extracellular vesicles from periodontal cells enhance mesenchymal stromal cell
function.”(Han et al., 2024)

“Effects of periodontal cells-derived extracellular vesicles on mesenchymal stromal cell function.”(Han et
al., 2023)

On the contrary, the KeyBERT-derived descriptors for topic #4 were:

['exosomes dental’, 'exosomes regenerative’, 'exosomes oral’, 'exosomes derived', 'cell exosomes',
'exosomes', 'cells exosomes', 'exosomes enhance', 'derived exosomes', 'regenerative endodontic']

Adipose Derived Stem ——— 5" -
Cell Exosomes «

L Mesenchymal Stem
\ Cells in Liver

Exosomes in Diabetic
Viound Healing

Therapeutic
Applications of EVs

Cardinc Repair
Stem Cell Therapy Therapies bnd

Figure 3. Scatterplot of the semantic distribution of the dataset of titles of scientific articles on
exosomes and tissue regeneration. Titles are not homogeneously distributed, but rather form clusters
that correspond to topics. Every topic is marked by a different color and is indicated by its LLM label.

Table 2. This is a table. Tables should be placed in the main text near to the first time they are cited.

TopicCount Name KeyBERT MMR LLM

['exosomes
osteoarthritis’,
'bioprinted scaffolds',

'osteonecrosis  jaw',

'uptake  osteoblast',['bone’, 'related’,

'bone cartilage',' mesenchymal’,

'regenerative 'containing

treatments', mesenchymal’,

'osteonecrosis’, 'medication’, 'medication
- 'lyosecretome  bone',related’, 'stromal

1_bone_related_mesenchy 'mesenchymal stem'lyosecretome’, 'controlled

mal_containing 'related release’,  'mesenchymalBone Regeneration
-1 14 mesenchymal osteonecrosis'] stem’, 'stem'] Controlled Release
0_osteoarthritis_mesenchy ['cells osteoarthritis',['osteoarthritis’, Mesenchymal Stem

0 126  mal_cartilage_extracellular 'cartilage ‘mesenchymal’, 'cartilage’,Cell Therapy
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regeneration’, 'extracellular’, 'treatment’,
‘exosomes  derived','stem’, 'derived’,
'stem cells', 'stem cell',' mesenchymal stem’,
'treatment 'exosomes', 'extracellular
osteoarthritis’, vesicles']

‘extracellular
vesicles', 'derived
exosomes',
'osteoarthritis
treatment’,

‘mesenchymal stem']

| '
['exosomes bone',
'regeneration

exosomes', 'exosomes

promote’, 'cell

exosomes',

‘exosomes’, 'bone

regeneration’,

'derived  exosomes',['bone’, '‘exosomes’,

'osteogenesis ‘mesenchymal stem’,

angiogenesis', 'derived’, 'fracture’,

'‘exosomal mirna', ' mesenchymal’, 'stem’,

1_bone_exosomes_mesenc 'marrow ‘cells’, ‘'healing’, 'stemBone fracture healing
1 103 hymal stem_derived mesenchymal'] cells'] exosomes

[‘periodontal

regeneration’,

'vesicles periodontal’,

'vesicles dental’,

‘periodontal  tissue’,

'‘pulp regeneration’,

'regeneration dental',['dental’, 'stem’,

'pulp  periodontal','extracellular’, 'vesicles',
‘extracellular ‘extracellular vesicles',

vesicles', ‘cells’, 'regeneration’,

2_dental_stem_extracellula 'extracellular vesicle','stem cells', "‘periodontal’,Dental Stem Cell
2 80  r_vesicles 'dental pulp'] ‘cell'] Regeneration

[bone regeneration’,

'vesicles bone',['extracellular', 'vesicles',

'hydroxyapatite 'extracellular vesicles',

scaffold’, 'osteoblast'bone’, 'bone

derived', regeneration’, Stem Cell-Derived
3_extracellular_vesicles_ext'extracellular 'regeneration’, 'derived',Vesicles for Bone

3 56 racellular vesicles_bone vesicles', 'bone'derived extracellular',Regeneration
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healing’, 'extracellular'small extracellular',
vesicle', 'regeneration'small’]

extracellular’, '3d

hydroxyapatite',

'tissue regeneration']

[exosomes  dental’,

'exosomes

regenerative',

‘exosomes oral,

‘exosomes  derived’,

‘cell exosomes',
'‘exosomes’, ‘cells
exosomes', 'exosomes['exosomes’, 'derived,
enhance’, 'derived'stem’, ‘'pulp’, 'derived
exosomes', exosomes', 'cell’, 'dental’,
4_exosomes_derived_stem 'regenerative ‘'exosomes derived', 'cells',Dental Pulp Stem Cell
4 48  _pulp endodontic'] 'dental pulp'] Exosomes

[disc degeneration’,
'‘exosomes
ameliorate’,

‘exosomes  derived’,

'intervertebral  disc',['disc/, 'intervertebral
'exosome disc', 'intervertebral’, 'disc
transplantation’, degeneration’,
'‘exosomes’, 'cell'degeneration’, 'stem’,
5_disc_intervertebral exosome', 'exosomes'cells', 'stem cells', 'derived
disc_intervertebral_disc ~ exosomal’, 'stem cells',stem’, 'cellsExosome Therapy for
5 16 degeneration 'exosomal mirnas']  intervertebral'] Disc Degeneration

The MMR algorithm confirmed that this latter topic focuses on dental pulp rather than
periodontal tissues as topic #2 (as suggested by the LLM label):

[exosomes', 'derived’, 'stem’, ‘pulp’, 'derived exosomes', 'cell’, 'dental’, 'exosomes derived’, 'cells’,
‘dental pulp']

which justifies the distinction between these two groups. Inspection of this cluster confirmed the
descriptors, highlighting the focus on the dental pulp, as origin or therapeutic target of the exosomes,
e.g.

“Exosomes as Promising Therapeutic Tools for Regenerative Endodontic Therapy.”(Kong et al., 2024)

“Human dental pulp stem cell-derived exosomes decorated titanium scaffolds for promoting bone
regeneration.”(S. Zhang et al., 2024)

“Exosomes derived from odontogenic stem cells: Its role in the dentin-pulp complex.” (Zou et al., 2023)

Topic #3 Stem Cell-Derived Vesicles for Bone Regeneration seems to substantially overlap topic
#1, but its descriptors reveal an additional and possibly distinctive focus, i.e. a special attention to
biomaterial scaffolds, which was absent in topic #0:

['bone regeneration’, 'vesicles bone', 'hydroxyapatite scaffold’, 'osteoblast derived', 'extracellular
vesicles', 'bone healing’, 'extracellular vesicle', 'regeneration extracellular’, '3d hydroxyapatite', 'tissue
regeneration’]
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To better understand the composition of this group, we manually screened its titles and
identified articles that focused on materials, scaffolds and the use of exosomes for therapy, rather
than the study of their physiological role, e.g.:

“Functionalized 3D Hydroxyapatite Scaffold by Fusion Peptides-Mediated Small Extracellular Vesicles
of Stem Cells for Bone Tissue Regeneration.”(Ma et al., 2024)

“Transplanted MSCs promote alveolar bone repair via hypoxia-induced extracellular wvesicle
secretion.” (Y. Liu et al., 2024)

“Bioengineering extracellular vesicles: smart nanomaterials for bone regeneration.”(Man et al., 2023)

“Biomimetic synthesis and optimization of extracellular vesicles for bone regeneration.”(Song et al.,
2023)

The last topic is small (n=16) but very specific, as it is labelled “Exosome Therapy for Disc
Degeneration” and contained very consistently themed articles on this specific niche area, e.g.:

“Nanoscale Treatment of Intervertebral Disc Degeneration: Mesenchymal Stem Cell Exosome
Transplantation.”(Hu et al., 2023)

“MSC-Derived Exosomes Ameliorate Intervertebral Disc Degeneration By Regulating the Keap1/Nrf2
Axis.” (G. Xu et al., 2023)

“Exosomes: A promising therapeutic strategy for intervertebral disc degeneration.” (C. Wang et al., 2022)

Figure 4 represents the semantic distribution of these topics, which confirms that topic #5 is
located at a certain distance from the other bone topics, possibly due to the use of a very specific
language that positions it quite far apart from the rest of the orthopedic literature. On the contrary,
topic #1 Bone fracture healing exosomes is visibly juxtaposed to topic #3 Stem Cell-Derived Vesicles
for Bone Regeneration, confirming that there is some continuity between the two topic groups.

Mesenchymal Stem
Cell Therapy

— Dental Pulp Stem
Cell Exosomes

{ 4

Exosome Therapy for
Disc Degeneration

Dental Stem Cell
Regeneration

Figure 4. Scatterplot of the semantic distribution of the dataset of titles of scientific articles on
exosomes and bone regeneration. Titles are not homogeneously distributed, but rather form clusters
that correspond to topics. Every topic is marked by a different color and is indicated by its LLM label.
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3.3. Evolution of the Field

To better understand how the bone research field evolved over time, we plotted the growth of
the topics as number of articles in the topic group over time (Figure 5). The plot clearly shows that,
just like the rest of the dataset, this particular subset of literature went through a phase of expansion
around the year 2017, with a rapid increase in the number of publications. While most of the topics
flourished in the last 5 years, with a drop in the last part of the chart that is attributable only to the
fact that the number of articles published in 2024 is only partial, it seems that Topic #0 of this subset
peaked around the year 2020, while Topic #1 Bone fracture healing exosomes has taken over as the
fastest growing topic.

Topics over Time

Global Topic Representation
Mesenchymal Stem Cell Therapy
Bone fracture healing exosomes
—— Dental Stem Cell Regeneration
50 Stem Cell-Derived Vesicles for Bone Regeneration
—— Dental Pulp Stem Cell Exosomes
—— Exosome Therapy for Disc Degeneration

Freguency
-
n

5: — /\

U T T T
1995 2000 2005 2010 2015 2020

Figure 5. Line chart tracking the number of papers published by year in the bone regeneration topic
subset. Each topic is indicated by a solid line of different color.

To gain further insight into the publication trends in these topics, we performed a linear
regression over the number of papers published in the different clusters. Linear regression finds the
equation of a line that minimizes the distance between the points on the line and the points in the
dataset. The slope of the fitted line indicates the publication trend (Table 3), and it can be considered
a crude indicator of how fast the number of publications is changing over time. Though most topics
are growing (Table 3), with the only possible exception of topic #3 Stem Cell-Derived Vesicles for
Bone Regeneration which has been maintaining similar levels of publications in the analyzed period,
with a slope of 1, two topics stand out as growth, i.e. topic #2 Dental Stem Cell Regeneration and
topic #1 Bone fracture healing exosome, with slopes exceeding 4. As Figure 6 shows, while Topic #0
Mesenchymal Stem Cell Therapy and Topic #1 Bone fracture healing exosomes are fast growing
research fields, Topic #2 Dental Stem Cell Regeneration is the fastest growing topic, with a slope of
4.5 over the 2019-2023 period.

Table 3. List of the bone regeneration topics in the 2019-2023 period sorted by slope of the linear
regression of the number of publications/year.

Topic Trend (slope)
Dental Stem Cell Regeneration 4.5
Bone fracture healing exosome 41
Mesenchymal Stem Cell Therapy 2.4
Dental Pulp Stem Cell Exosomes 1.8
Exosome Therapy for Disc 1.4

Degeneration

Stem Cell-Derived Vesicles for Bone 1.0

Regeneration
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Top 3 Trending Topics (2019-2023)
Dental Stem Cell Regeneration Bone fracture healing exosomes Mesenchymal Stem Cell Therapy
Slope: 4.50 slope: 4.10 Slope: 2.40

25 *
< '
:
20
3 | ’
3
: P

2019 2020 2021 2022 2023 2019 2020 2021 2022 023 2019 2020 2021 2022 2023
Year Year Year
Figure 6. Trend analysis for the three highest-ranking topics in the bone regeneration subset. Linear
regression was used to fit the number of publications per year in the 2019-2023 period and infer the
publication trend from its slope.

3.4. Knowledge Structure of Exosome Research: The Ideoscape

To get a better understanding of how ideas and themes are shared in this fast growing field, we
decided to limit our observation to topic #2 Dental Stem Cell Regeneration, which has been
undergoing the fastest growth. We thus created a knowledge graph out of the abstracts of the articles
belonging to this cluster, extracting meaningful keywords and relationships between concepts
through GPT 3.5 turbo. We chose to use abstracts instead of titles because we assumed that abstracts
briefly pan out the procedures, the research approaches and the main findings of individual research,
unlike titles that are often only indicative of the general topic or area of research - and are thus very
indicated for topic modeling. Unlike what we did with BERTopic, we did not extract key concepts
through keyword-extraction algorithms, e.g. KeyBERT, but decided to rely completely on the LLM,
with a specific prompt designed to get the main concepts and findings out of the report abstracts.
This allowed us to build a network of ideas, which we consider a simplified representation of the
ideoscape of this field, which was then investigated with Neo4j, a platform specifically designed to
visualize and query knowledge graphs. Neo4j is an interactive tool to visualize graphs, which allows
users to search through the graph using a query language called Cypher, similarly to what is done
with the SQL language for relational databases (Francis et al., 2018).

A knowledge graph is a structured representation of knowledge that captures entities, their
attributes, and the relationships between them, facilitating both human readability and the adoption
of computational procedures to extract insights, or knowledge, from the data through queries (Hogan
et al., 2022). It comprises nodes, representing entities or concepts, and edges, depicting the
relationships between these nodes. Both nodes and edges can have multi-layered attributes that
provide additional context. Such a graph is therefore a complex representation of concepts and how
these concepts are related to each other (Peng et al., 2023).

GPT was capable of not only extracting keywords and assign them a label but also cluster
keywords by categories, such as Anatomy, Cell models, Procedures, or Therapies, providing a further
layer of insight and structure into these key concepts. We only reported selected screenshots of Neo4;
graphs, or of meaningful subgraphs, although these are only a partial representation of the whole
graph, and lack their distinguishing interactivity.

Figure 7 shows a graph of the nodes categorized as anatomical sites (orange circles) that were
investigated by at least 2 research articles (large green circles), i.e. that were connected to at least 2
article nodes by a “Contains” edge.

Anatomy keywords that were connected through only 1 edge to an article node are not
represented in this plot, because our purpose was to see how ideas could be shared between papers.
So, only a few Anatomy nodes are displayed, out of a total of 84 concept nodes for this category.
Large Yellow circles are Year nodes, i.e. nodes that represent the publication year of an article and
are connected to articles published in that year through a “Published_in"” edge.

The graph in Figure 7 shows how periodontal tissue has catalyzed most of the recent attention,
with several articles gravitating around the “periodontal tissue” keyword (in agreement with the
central interest for Periodontal disease as shown in graph S1), especially in the 2022-2024 period. This
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is in agreement with a very recent systematic review on this topic, which illustrated the many
applications of exosomes for this area (T. Wang et al., 2024). Noticeably, in the case of the paper
“Periodontal Ligament Stem Cells: Current Knowledge and Future Perspectives.” (Trubiani et al.,
2019) the LLM felt a closer connection to the Dental tissue descriptor node (Figure 7), possibly because
the report was a review about the multi-lineage potential of stem cells from the periodontium.
Interestingly, the paper was published in 2019, possibly before the periodontal tissue had imposed
itself.

2020

2019

Figure 7. Neo4j Knowledge graph of Anatomy nodes (orange) connected to at least two article nodes
(in green. A part of their title is written on the node). Yellow nodes indicate publication year.

As Stem cells were indeed a very popular keyword for this dataset, which recurred frequently
in the descriptors extracted by BERTopic, we decided to analyze the most common stem cell models
and topics, investigating the “Cells” nodes. Again, we only focused on those nodes that were
connected to at least two article nodes (Figure 8, brown circles), to highlight idea interactions, or at
least focal points of ideas. The main cell models that attracted most of the publications in the subsets
were few (Figure 8), although the dataset contained 105 different Cells nodes.


https://doi.org/10.20944/preprints202407.2583.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 August 2024 d0i:10.20944/preprints202407.2583.v1

Figure 8. Neo4j Knowledge graph of Cells nodes (khaki) connected to at least two article nodes (in green. A part
of their title is written on the node). Yellow nodes indicate publication year.

Mesenchymal stem cells were - possibly unsurprisingly so - the focus of a vast portion of the
literature of this group. This could be explained both because mesenchymal stem cells are a flexible
model in tissue regeneration and have a vast corpus of evidence (Ju et al., 2024) but also because deep
periodontal tissues are of mesenchymal nature, and most approaches for their regeneration are thus
naturally centered on the use of this cell model (Zeng et al., 2021).

Periodontal ligament stem cells were another common concept in this subset of the literature,
and many research reports focused on them, albeit they have long represented a quite elusive cell
population (Isamorad et al., 2023). On the contrary, dental stem cells and pulp stem cells were
investigated by a smaller niche of the literature, while a dozen of articles gravitated around the more
general “Stem cell” buzzword, while usually concomitantly connected also to a more specific cell
node (Figure 8).

We then focused on the “Process” nodes that were investigated in this literature set, which is an
interesting category per se given its polysemous nature (Figure 9). A total of 129 different Process
nodes were identified by GPT, although those that are shared by at least 2 article nodes are much
fewer. Interestingly, we could observe a pole of keywords that mostly concerned cellular processes,
such as cell migration, proliferation and differentiation, and an opposing pole about Clinical
application, biogenesis and tissue repair, with a strong Tissue regeneration concept node that
coordinated almost the whole dataset, providing a key description to this group of articles (Figure 9).
Overall, the LLM thus recognized two semantic areas for these processes: natural processes that are
affected by exosomes or affect exosomes (i.e. the cell mechanisms) on one end and thematic areas of
application of exosomes for therapy purposes.
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Figure 9. Neo4j Knowledge graph of Process nodes (light green) connected to at least two article nodes
(darker green. A part of their title is written on the node). Yellow nodes indicate publication year.

GPT was unable to assign a specific category to a set of nodes, and these nodes were hence
generically labelled “Unknown”; this large group (n=788) actually contains most of the generic
keywords for the literature dataset (Figure 10), e.g. “Chemokine’, or ‘In vitro research’. However,
most of these concept nodes are very specific, e.g. ‘beagle modem organism’ and are associated to
only 1 article node. The concept nodes that are shared across a number of articles are much more
limited in number (Figure 10, light blue). It is easy to observe how “Tissue Regeneration” and
“Extracellular Vescicles” are the main attractors for the more recent papers, as highlighted by the
high number of connections that they have with articles in the dataset, which obviously is expected
because of the nature of the dataset itself.

As expected, “Exosomes” and “Secretome” (albeit to a lesser extent) are also popular buzzwords,
although they tend to cluster together with other concepts that are more typical of pre-clinical
settings, such as “Proliferation”, “Differentiation”, “Angiogensis” or “Intercellular Communication”
(Figure 10).
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Figure 10. Neo4j Knowledge graph of generic “Unknown” category nodes (turquoise) connected to at least two
article nodes (in green. A part of their title is written on the node). Yellow nodes indicate publication year.

4. Conclusions

The field of exosomes and extracellular vesicles for tissue regeneration is a fast-expanding and
multi-faceted area of research, which has grown exponentially in the last few years. Instead of diving
into the details of the biology or uses of exosomes, we adopted in the present report a macroscope
approach, to try to understand the field in its complexity, at an overview level of its topics and trends.
We believe that this approach, although not exhaustive can complement traditional reviews and
prove very useful to assess how the field is developing. Our investigation has showed that Exosomes,
their biology and their potential applications in tissue regeneration have captivated researchers from
several science fields, with a net prevalence of stem cell studies and tissue healing both in skin, in the
musculoskeletal system, and various organs, such as kidneys or the eye (Figure 3). When we focused
our attention on bone regeneration, the two main theme area of orthopedics and dentistry were well
represented, and topically well distinguishable into specific subsets. Dentistry (and periodontics in
particular) and bone fractures appeared as the two booming research fields, with growth trends
exceeding the remaining bone regeneration topics by at least twofolds (Table 3). We then attempted
to investigate the main ideas that associated subsets of papers in the field, and conveniently focused
on the topic that has been growing the most, i.e. topic #2 Dental Stem cell regeneration. To do that we
extracted the main concepts from the abstracts of the articles in this subsets and the relations
associating them, to create a knowledge graph, which represents the ideoscape of the field, i.e. the
shared ideas around which most papers in the dataset gravitate. Although the results we report are
necessarily only partial, and the results of specific queries we conducted, our data outline how articles
in the last 3 years tend to cluster around concepts such as periodontal stem cells (Figure 8),
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investigating their cellular processes, such as proliferation, migration, and differentiation, associated
to their clinical use (Figure 9), together with more general cell models such as mesenchymal stem
cells (Figure 8).

Although the ideoscape of exosomes in bone regeneration was used through a macroscope
approach for the present report, the methodology we are proposing can be effectively employed to
search very specific queries, and investigate the field to get specific answers, and thus represents a
flexible tool, which is mostly automated and require minimal handwork, to scan and get insights
from any field in the literature.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: Neo4j Disease nodes.
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