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The recent progress in genetic 
engineering, the design of systemic 
delivery carriers, and targeted 
delivery platforms will provide 
more opportunities for oncolytic 
viruses (OVs) with enhanced 
anti-tumour immunity, safety, and 
efficacy in cancer treatment. This 
review will discuss the mechanism, 
rational design, recent clinical trials, 
applications, and the development of 
targeted delivery platforms for OVs. 
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Biological methodologies for rotator 
cuff enthesis and their reported 
outcomes vary, challenging repair 
strategies. This review stratifies 
the existing literature into different 
categories, guiding decision-making 
with respect to repair approaches. 
Outcomes highlight the importance 
of tailoring interventions according 
to tear extent, chronicity, and the 
population treated. 
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We are immersed in a world where success is 
quantified by numbers. Whether it’s salaries, 
signing bonuses, social media metrics, or exposure 
frequencies, our evaluation systems have become 
obsessed with various indices. As researchers, 
our worth is frequently measured not by the 
creativity and impact of our work, but rather 
by the awards we receive, the dollar amounts of 
our grants, the number of publications we have, 
and the citations we accumulate. Likewise, as an 
editor, I find myself constantly reflecting on the 
most objective criteria for evaluating the success 
of our journal.

In 2022, a historic event unfolded within the 
science community. For the fifth time, an 
individual received the Nobel Prize for the second 
time. This outcome did not come as a surprise 
to those familiar with the current chemistry 
literature. Predictions had long circulated that 
Barry Sharpless would be honored with a second 
Nobel Prize in Chemistry for his groundbreaking 
invention of the concept of “Click Chemistry”.1 
This concept, without exaggeration, has 
revolutionised organic chemistry, chemical 
biology, materials sciences, and related research 
fields.

Learning that Barry had indeed received 
this prestigious recognition filled me with 
uncontainable elation. It wasn’t solely because 
Barry had been one of my mentors throughout 
my career development. Rather, it was the 
privilege of witnessing how the concept of Click 
Chemistry was initially ridiculed, gradually 
recognised, suddenly popularised, and ultimately 
worshipped by the science community. It 
underscored the power of philosophical scientific 
thinking and how the passion of one individual 
can transform an entire scientific community.2

Among my countless interactions with Barry, 
one encounter stands out vividly in my memory. 
It occurred at the atrium of the Backman building 
at the Scripps Research Institute. By chance, we 

crossed paths, and Barry approached me with 
his familiar enthusiasm, eager to discuss a recent 
discovery in his lab: a solvent-free reaction that 
forms amides from acids and amines. While this 
reaction procedure may seem practical and “cute,” 
it is a common organic transformation taught 
in Organic Chemistry, typically performed in a 
solvent system with a catalyst. I was struck by 
Barry’s unwavering passion for this research 
question. How could a world-renowned scientist 
and Nobel Laureate be genuinely excited about 
such a “trivial” experiment?

This incident brought to my mind Irving 
Stone’s book, “The Agony and the Ecstasy,” which 
powerfully portrays Michelangelo’s devotion to 
sculpture. Stone eloquently states, “For him, the 

milky white marble was a living, breathing substance 

that felt, sensed, judged. He could not permit himself 

to be found wanting. It was not fear but reverence. 

In the back of his mind, a voice said: ‘This is love.’”3 
Michelangelo’s dedication stemmed from a 
profound passion that gave him the courage to 
challenge the prejudice against sculpture at his 
time beliefs and fulfill his ultimate destiny.

Yes, passion!

When discussing my expectations for graduate 
students, I often express my desire for them to 
have a passion for learning and a genuine interest 
in their projects. In a world fixated on numerical 
measures of success, it is crucial to reevaluate 
our standards and embrace the enduring power 
of passion. The story of Barry Sharpless and 
his unwavering excitement for a seemingly 
“trivial” experiment serves as a reminder that 
true greatness arises not from accolades or 
predictions, but from an unyielding love, an 
unyielding passion, for one’s own work.

Nearly 3 years have passed since I joined the 
editorial team of Biomaterials Translational, 
providing a unique platform for our readers. 
We have overcome numerous challenges and 
endured the hardships posed by the coronavirus 

Carrying passion in a numerical world

Qian Wang
*

Department of Chemistry and 
Biochemistry, University of 
South Carolina, Columbia, 
SC, USA

*Corresponding author:  
Qian Wang,  
Wang263@mailbox.sc.edu.

http://doi.org/10.12336/

biomatertransl.2023.02.001

How to cite this article:  
Wang, Q. Carrying passion in 
a numerical world. Biomater 

Transl. 2023, 4(2), 63-64. 



64

Wang, Q.

www.biomat-trans.com

Editorial

disease 2019 (COVID-19) pandemic. As I proudly serve in 
my role as an editor, I carry with me the profound impact of 
this journey and the understanding that success should not be 
reduced to mere numbers. Instead, it should be defined by the 
passionate pursuit of excellence.

In this issue of Biomaterials Translational, we provide one 
viewpoint essay,4 two review papers5, 6 and two research 
articles.7, 8 As before, we hope these works can point the 
direction of this exciting research field.

Thank you for reading!
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Chronic wounds are a significant healthcare 
challenge, affecting millions of people worldwide.1 
Chronic wounds do not heal within a normal 
time frame, which leads to severe complications 
such as infection, amputation, and even death.2 
Chronic wounds can be caused by a variety of 
factors, including diabetes, vascular disease, and 
pressure sores.3 One of the treatments for infected 
chronic wounds is the use of antibiotics, which 
depends on the type of infection present.3 In some 
cases, surgical debridement may also be necessary 
to remove infected tissue and promote healing.1 
Chronic wounds often require a multi-faceted 
treatment approach, and there can be challenges 
associated with finding the right treatment. One 
of the biggest challenges is the development of 
antibiotic resistance, which can make it difficult 
to treat infections.4 Additionally, chronic wounds 
can be slow to heal and may require ongoing care 
and treatment.1 It is important to work closely 
with a healthcare professional to determine the 
appropriate treatment plan for a chronic wound 
and to monitor progress regularly to ensure that 
the wound is healing properly.

Biomaterials such as dressings, scaffolds, and 
hydrogels can deliver therapeutic agents such 
as growth factors or antibiotics and provide a 
supportive environment for wound healing.5 
One promising biomaterial is biodegradable 
scaffolds that can provide a physical scaffold for 
cells to grow and proliferate.6 These scaffolds 
can be designed to degrade over time, allowing 
for the gradual release of therapeutic agents 
and the eventual regeneration of new tissue.7, 8  
Another biomaterial that has shown promise 
is hydrogels, which can form a gel-like matrix 
that can hold and deliver therapeutic agents.9 
Hydrogels form a moist environment for wound 
healing, which is important for promoting cell 
migration and proliferation.10 Biomaterials offer 
a promising approach to the treatment of chronic 
wounds. These materials provide a supportive 
environment for wound healing and can also 
deliver therapeutic agents to promote healing.

Wound management is an important aspect 

of healthcare, and recent advancements in 
technology have provided new opportunities for 
preventing these complications and achieving 
effective wound healing.1 Wearable bioelectronic 
systems and biomaterials are promising solutions 
for the treatment of chronic wounds, offering 
real-time monitoring and treatment as well as 
supportive environments for wound healing.11 
Shirzaei Sani et al.12 reported a wearable patch 
that wirelessly and continuously monitors the 
physiological conditions of the wound bed via 
a custom-developed multiplexed multimodal 
electrochemical biosensor array and performs 
noninvasive combination therapy through 
controlled anti-inflammatory antimicrobial 
treatment and electrically stimulated tissue 
regeneration (Figure 1).

Wearable bioelectronic systems have emerged 
as a promising solution for wound management 
due to their ability to constantly monitor and 
regulate wound conditions.11 These systems 
consist of a wearable device that is placed directly 
on the wound and is equipped with sensors and 
bioelectronic components.13 The sensors are used 
to monitor wound conditions such as temperature, 
pH, and moisture levels.14 The bioelectronic 
components are then used to deliver appropriate 
treatments, such as electrical stimulation or drug 
delivery, to promote healing.11, 15 One of the key 
advantages of wearable bioelectronic systems is 
their ability to provide real-time monitoring and 
treatment.16 This allows for timely interventions 
and can prevent complications that may arise 
from delayed treatment. Additionally, these 
systems are non-invasive and can be worn 
for extended periods, allowing for continuous 
monitoring and treatment.17 Wearable systems 
have already shown promising results in pre-
clinical trials and are now being tested in clinical 
trials (NCT03948360). These systems have the 
potential to revolutionize wound management 
and improve patient outcomes.

In conclusion, wearable bioelectronic systems 
offer a promising solution for wound healing and 
management. These systems are non-invasive, 
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and provide real-time monitoring and conditional responsive 
treatment for chronic wounds. As technology continues to 
advance, it is likely that wearable bioelectronic systems will 
become more widely available and have an even greater impact 
on healthcare.
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Introduction

Cancer is a major public health problem 
worldwide, accounting for almost 10 million 
cancer deaths and over 19 million new cancer 
cases in 2020.1 In 2022, the estimated numbers of 
new cancer cases and deaths in the United States 
are 1,918,030 and 609,360 people, respectively.2 
Chemotherapy is a major therapeutic approach 
to cancer treatment. However, success of 
chemotherapy has been limited due to a lack 
of selectivity toward cancer cells, rapid drug 
metabolism, and multidrug resistance, mainly 
resulting from increased efflux pumps in the cell 
membrane which transport various anti-cancer 
drugs out of the cells.3, 4 In addition, conventional 
chemotherapy may significantly damage healthy 
cells causing harmful side effects in patients.5, 6

Oncolytic virus (OV) therapy has recently been 
recognised as a promising new therapeutic 
strategy in cancer treatment, which can 
circumvent some drawbacks of conventional 
chemotherapy. Due to their ability to specifically 
target and lyse tumour cells without harming 
surrounding healthy cells, as well as induce anti-

tumour effects by multiple action mechanisms, 
OV can decrease the emergence of acquired 
drug resistance.7-9 In addition to direct oncolysis, 
it can also amplify both innate and adaptive 
immune responses generating long-term anti-
tumour immunity.9-11 The targeted delivery and 
anti-tumour immunity are critical for potential 
applications of OVs in cancer therapy. However, 
a key challenge facing oncolytic virotherapy is 
the anti-viral immune responses from vaccinated 
patients, which may lead to viral clearance that 
limits the overall therapeutic efficacy of OVs. 
Thus extensive research efforts have been aimed 
to engineer OVs for improving their efficacy, 
safety, tumour-specific targeting, viral delivery, 
and anti-tumour immune evasion.12, 13 The 
literature retrieval strategy of this review is 
shown in Additional file 1.

Mechanism and Rational Design of 

Oncolytic Viruses 

OVs utilise several mechanisms to preferentially 
enter and replicate in cancer cells. Many OVs 
have a natural tropism for the surface receptors 
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Oncolytic virus (OV) therapy has been shown to be an effective targeted 

cancer therapy treatment in recent years, providing an avenue of treatment 

that poses no damage to surrounding healthy tissues. Not only do OVs 

cause direct oncolysis, but they also amplify both innate and adaptive 

immune responses generating long-term anti-tumour immunity. Genetically 

engineered OVs have become the common promising strategy to enhance 

anti-tumour immunity, safety, and efficacy as well as targeted delivery. The 

studies of various OVs have been accomplished through phase I-III clinical 

trial studies. In addition, the uses of carrier platforms of organic materials 

such as polymer chains, liposomes, hydrogels, and cell carriers have played 

a vital role in the potentially targeted delivery of OVs. The mechanism, 

rational design, recent clinical trials, applications, and the development of 

targeted delivery platforms of OVs will be discussed in this review.
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that irregularly overexpressed on cancer cell surfaces such as 
CD46, CD54, CD55, CD155, laminin, integrin α2β1, etc.13-15  
OVs can utilise and recognize those receptors to enter the 
targeted cancer cells as shown in Table 1. For example, 
adenovirus utilises coxsackievirus and adenovirus receptor 
(CAR) as a primary receptor to ensure attachment, and cell 
surface integrins (αvβ3 and αvβ5) to further facilitate viral 
internalization.16 CAR expression is upregulated in basal 
cell carcinoma, thyroid adenoma, lung, ovarian, cervical, 
and laryngeal cancer cells.17 Herpesvirus utilises herpesvirus 
entry mediator known as tumour necrosis factor receptor 
superfamily-14 for cell entry, which is overexpressed in breast 
cancer, gastric cancer, and hepatocellular carcinoma.18, 19 

Parvovirus H1 (H-1PV) utilises sialic acid residue presented on 
laminin for cell binding and enters cells via clathrin-mediated 
endocytosis.20, 21 In addition, a recent study found that galectin-1 
also plays a key role in the cell entry of H-1PV.22 H-1PV 
shows anti-cancer activity toward a variety of cancers, such as 
glioma, melanoma, pancreatic, breast, lung, cervical, and colon 
cancer.23, 24 Coxsackievirus utilises CD54 and CD55 receptors 
as the primary and secondary points of viral attachment and 
internalization, which are overexpressed in malignant glioma, 
myeloma, melanoma, head and neck, lung, colon, pancreatic, 
and breast cancer cells.25, 26 Poliovirus utilises the CD155 

receptor, which is overexpressed in colorectal carcinoma, 
glioblastoma, melanoma, sarcoma, hepatocellular carcinoma, 
non-small-cell lung carcinoma, and pancreatic cancer cells.27-30 
Measles virus utilises CD46 receptor which is overexpressed 
in some cancer cells such as myeloma, hepatocellular 
carcinoma, colorectal, prostate, ovarian, and breast cancer 
cells.14, 31 Normally, CD46 protects healthy cells from cell 
elimination by complement attack.31 Vesicular stomatitis virus 
(VSV) utilises low-density lipoprotein receptor as a major 
receptor and other low-density lipoprotein receptor family 
members as alternatives for attachment and cell entry.32, 33  
Cancer cells that are susceptible to VSV are glioblastoma, 
melanoma, osteosarcoma, hepatocellular carcinoma, breast, 
cervical, and pancreatic cancer cells.34 Sindbis virus enters cells 
through laminin receptor, which is overexpressed in uterine 
adenocarcinoma, melanoma, colorectal carcinoma, breast 
carcinoma, and non-small cell lung carcinoma.35-39 Echovirus 
utilises integrin α2β1 as its cellular receptor for cell entry, 
which is overexpressed in ovarian, prostate, and gastric cancer 
cells.40, 41 Newcastle disease virus binds to a sialic acid receptor 
for virus attachment to host cells, which demonstrates anti-
cancer activity toward glioma and melanoma, renal cell 
carcinoma, ovarian, and cervical cancer.42-45

Table 1. The cell entry receptor and the aberrant oncogenic signalling pathway that OVs utilise to preferentially enter 

and replicate in cancer cells

Genome type

Virus

Enveloped

Cell entry 

receptors

Aberrant oncogenic 

signalling pathway References
Name of the OV

DNA Adenovirus N CAR, integrins PKR, Rb and p16 14, 16, 46

Herpesvirus Y HVEM PKR, Rb and p16 14, 18, 19, 46

Parvovirus H1 N Sialic acid, 
galectin-1

– 20-22

Vaccinia virus Y – RAS, PKR, Rb and p16, IFN-1 14, 46

RNA Coxsackievirus N ICAM-1 (CD54), 
DAF (CD55) 

– 25, 26

Poliovirus N CD155 – 27-30

Measles virus Y CD46 – 14, 31

Vesicular stomatitis virus Y LDLR IFN-1 14, 32, 33

Sindbis virus Y LAMR – 35-39

Echovirus N Integrin a2b1 – 40, 41

Reovirus N – RAS, PKR, Rb and p16 14, 46

Newcastle disease virus Y Sialic acid Bcl-xL, IFN-1 14, 44-46, 57

Note: Bcl-xL: B-cell lymphoma-extra large; CAR: coxsackievirus and adenovirus receptor; DAF: decay-accelerating factor; HVEM: 
herpesvirus entry mediator; ICAM-1: intercellular adhesion molecule 1; IFN-1: type I interferon; LAMR: laminin receptor; LDLR: 
low-density lipoprotein receptor; N: no; p16: tumour suppressor protein; PKR: protein kinase R; RAS: rat sarcoma; Rb: retinoblastoma; 
Y: yes.

Furthermore, OVs exploit aberrant signalling pathways and 
can replicate in tumour cells, which have defects in anti-viral 
pathways.13, 14 Cancer cells promote their survival, proliferation, 
and metastasis by manipulating cellular transcriptional 
and signalling pathways.46 Additionally, cell cycle and cell 
proliferation in tumour may be disrupted by oncogenes and 
the deficit of tumour suppressor genes, which allows OVs to 
survive longer in cancer cells. 

In healthy cells, the natural cellular defense mechanisms in 
response to viral infection, including interferon (IFN) and 
protein kinase R (PKR) signalling pathways, induce infected 
cells to undergo apoptosis and viral clearance.14 Type I IFN 
(IFN-1) is a cytokine in an early host defense that occurred 
prior to the immune response and possesses anti-viral 
activity.47-49 Stimulating the release of IFN-1 during the viral 
infection triggers the intracellular signalling pathway, mainly 
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Janus kinase-signal transducers and activators of transcription 
pathway, and eventually limits viral replication and enhances 
the rate of viral clearance and the immune responses in infected 
cells.47 Additionally, the activation of IFN-1 pathway induces 
PKR expression and activation.50 PKR is a major host defense 
against viruses and can be activated by viral-specific RNAs.47 
The activated PKR phosphorylates the eukaryotic translation 
initiation factor 2, resulting in the inhibition of protein 
translation and synthesis, and consequently suppressing viral 
replication and spreading.51 PKR also involves in cellular 
differentiation, proliferation, and apoptosis.52

In contrast, PKR and IFN in regulating viral clearance on 
cancer cells are impaired.50 Rising metabolic activity of 
cancer cells also enhances viral replication and the rate of cell 
lysis compared to healthy cells.53 These aberrant signalling 
pathways of carcinogenesis render cancer cells susceptible 
to viral infection, which is summarised in Table 1. Some 
OVs naturally exploit the aberrant expression of various 
proteins usually involved in the rat sarcoma (RAS) pathway. 
For example, the suppression of p16, a tumour suppressor, 
together with over-active RAS signalling in cancer cells can 
influence the expression of retinoblastoma and prevent it from 
regulating cell cycle entry and restricting cell proliferation.54-56 
In addition, over-active RAS signalling in cancer cells can 
inhibit PKR signalling and block cell apoptosis.14 It has been 
identified that vaccinia virus and reovirus selectively target 
various tumours with activation of RAS signalling.46 Some 
viruses such as adenovirus, herpesvirus, vaccinia virus, and 

reovirus utilise the defects in cell cycle regulation and anti-viral 
mechanisms in tumours such as PKR, retinoblastoma and p16 
for viral replication and survival.14, 46 In addition, dysregulation 
of IFN-1 pathway in cancer cells, which plays an important 
role in anti-viral and anti-tumour responses, facilitates some 
viruses such as vaccinia virus, VSV, and newcastle disease virus 
to replicate preferentially within tumours.14 Cancers often 
overexpress anti-apoptotic molecules such as B-cell lymphoma 
(Bcl) family of proteins for cell immortality, and newcastle 
disease virus targets Bcl-xL-overexpressing cells, promoting 
viral accumulation and replication.46, 57 OVs use the cellular 
machinery for their replication and protein production, while 
affect cell functions, stimulate oxidative stress, and activate the 
pathways involving autophagic process.48

Not only do OVs lyse cancer cells leading to tumour regression 
but also concurrently create and stimulate anti-tumour 
immunity, resulting in eradication of the disease and prevention 
of the recurrence.46, 58, 59 Figure 1 shows the anti-tumour 
activity of OVs associated with multiple mechanisms involving 
inflammation process and immunogenic cell death.59 Following 
the cancer cell damage by OV-induced oncolytic cell death, viral 
progeny such as pathogen-associated molecular patterns and 
immune signs such as damage-associated molecular patterns 
are produced and released, which will stimulate the maturation 
of dendritic cells and promote the release and the expression of 
tumour-associated antigens and tumour-associated neoantigens 
to the immune cells and cancer cells.14, 48 Antigen presentation 
through major histocompatibility complex class II and major 

Figure 1. The generalised overview of OV-induced anti-tumour immunity. Initially, OVs infect primary cancer cells 
and cause direct oncolysis via inducing autophagy, increasing proteasome activity, and upregulating ROS caused by ER 
stress and genotoxic stress upon the infection. Subsequently, DAMPs and PAMPs trigger TLR, a major sub-family of 
the PRRs, and activate APCs. APC/DC uptake TAAs/TANs and express them to immune cells such as CD8+ T cells and 
CD4+ T cells through MHC I – TCR and MHC II – TCR interactions, respectively. The releasing cytokines and chemo-
kines recruit both innate immune cells such as neutrophils, macrophages, NK cells, and DC, and adaptive immune cells 
such as T cells and B cells to the infected sites. In addition, APC helps stimulating and manipulating CD8+ T cells and 
NK cells to release granzymes and perforin causing apoptosis of cancer cells. Furthermore, cytotoxic T lymphocytes can 
migrate to a distant tumour, recognize tumour antigens, and kill cancer cells.9, 14, 46, 48, 59, 60 APC: antigen presenting cells; 
ATP: Adenosine triphosphate; DAMPs: damage-associated molecular patterns; DC: dendritic cells; ER: endoplasmic re-
ticulum; GM-CSF: granulocyte macrophage colony-stimulating factor; HSP: heat shock protein; HMGB1: high mobility 
group protein; MHC: major histocompatibility complex; NK cell: natural killer cell; OV: oncolytic virus; PAMPs: patho-
gen-associated molecular patterns; PRR: pattern recognition receptor; ROS: reactive oxygen species; TAAs: tumour-as-
sociated antigens; TANs: tumour-associated neoantigens; TCR: T cell receptor; TLR: Toll-like receptor; TNF-α: tu-
mour necrosis factor-α. Adapted from Kaufman et al.14
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histocompatibility complex class I to CD8+ T cells and CD4+ 
T cells, respectively, leads to T cell priming and inflammatory 
responses.60 The increase of proinflammatory cytokines such 
as IFN-1, interleukins (i.e. interleukin-1β, interleukin-6, 
interleukin-12), tumour necrosis factor-α, and granulocyte 
macrophage colony-stimulating factor, and the chemokines 
such as C-C motif chemokine ligand 2, C-C motif chemokine 
ligand 3, C-C motif chemokine ligand 5 and C-X-C motif 
chemokine 10 are beneficial for activating and recruiting both 
adaptive and innate immune cells against the primary tumour 
that is exposed to the virus and even in metastatic sites.9, 46

Different Strategies to Improve Oncolytic 

Viruses through Genetic Engineering

Manipulating viral genome has become the common strategy 
to apply OVs in cancer immunotherapy (Table 2). OVs can be 
genetically modified to enhance the anti-tumour immunity by 
employing immunostimulatory elements, and to improve the 
safety, efficacy, and targeted delivery of OVs.13 Additionally, 
OVs can be genetically engineered to selectively target the 
unique receptors on the surface of cancer cells, providing 
greater safety for healthy cells. 

Table 2.  Summary of important genetic engineering in OVs

Genetic modification

Purpose/aim Example of OVs ReferencesGene deletion Gene insertion

ICP34.5 Selectively replicate in cancer cells, which have 
impaired PKR activity

Herpesvirus 61

ICP6 LacZ Selectively replicate in cancer cells, which have 
sufficient level of host RR and p16INK4A tumour 
suppressor inactivation, avoid RR encoding

Herpesvirus 48, 61, 66

E1A Restrict viral proliferation in healthy tissue Adenovirus 61

g34.5 Restrict viral proliferation in healthy tissue and reduce 
neurovirulence

Herpesvirus 48, 62

a47 Increase anti-tumour immunity Herpesvirus 63

TK Selectively replicate in cancer cells Vaccinia virus 68

GM-CSF Increase anti-tumour immunity Herpesvirus, vaccinia 
virus, and adenovirus

58, 59, 64

Endostatin Destroy tumour vasculature and enhance therapeutic 
efficiency

Herpesvirus 13

TSP1 Destroy tumour vasculature and enhance therapeutic 
efficiency

Herpesvirus 13

GLAF-2 Increases anti-angiogenic and anti-tumour properties Vaccinia virus 67

Note: GLAF-2: vascular endothelial growth factor-2; GM-CSF: granulocyte macrophage colony-stimulating factor; ICP: infected cell 
protein; OV: oncolytic virus; PKR: protein kinase R; RR: ribonucleotide reductase; TK: thymidine kinase; TSP1: thrombospondin-1.

For example, a deletion of ICP34.5 and ICP6 genes drives 
herpes simplex virus (HSV-1) to have replicative selectivity 
in tumour cells that show p16INK4A tumour suppressor 
inactivation, a common deficit in cancers.61 A deletion of 
E1A gene, which functions to promote S-phase entry via 
retinoblastoma signalling pathway in adenovirus, can prevent 
viral replication in normal cells.61 Furthermore, a deletion of 
γ34.5 gene in HSV-1 also renders the virus unable to replicate 
in normal cells because γ34.5 gene functions to impede a 
shutoff of host protein synthesis.62 Anti-tumour immunity 
can also be enhanced by the deletion of viral genes such as α47 
gene in HSV-1 which functions to antagonize the transporter 
associated with antigen presentation in host’s cells.63 The 
insertion of granulocyte macrophage colony-stimulating factor 
gene in HSV-1, vaccinia virus, and adenovirus can enhance 
the cytokine secretion for immune cell recruitment and 
stimulation.58, 59, 64 Inserting the Escherichia coli LacZ gene into 
the ICP6 coding region in HSV-1 inactivates the ICP6 gene 
which encodes a viral ribonucleotide reductase function that 
allows viral DNA synthesis.65 It promotes the selective viral 
replication within the cancer cells because the rapidly dividing 
cells express sufficient level of host ribonucleotide reductase.66 
To destroy tumour vasculature and enhance therapeutic 
efficiency, endostatin and thrombospondin-1 genes have been 

inserted in HSV-1 to suppress angiogenesis.13 Vaccinia virus 
encoding a single-chain antibody against vascular endothelial 
growth factor-2 also increases anti-angiogenic and anti-
tumour properties.67 Furthermore, the deletion of the viral 
thymidine kinase (TK) gene in vaccinia virus increases the 
selectivity of OVs to cancer cells since tumour cells produce 
higher levels of TK.68

Viral Vector Systems Used for Oncolytic 

Therapy

Virus particles are broadly used in cancer treatment as gene 
delivery vehicles and as OVs.69 The viral-based vectors for gene 
delivery can be used in targeted transfer of therapeutic genetic 
materials such as tumour suppressor genes, tumour-associated 
antigens, small interference RNA, pro-inflammatory factors, 
immune checkpoint inhibitors, and anti-angiogenic proteins.70 
Furthermore, OVs including many virus families are often 
additionally armed in order to enhance therapeutic efficiency 
and induce an anti-cancer immune response.71 In clinical 
trials for cancer treatment, retrovirus (including lentivirus), 
adenovirus, and poxvirus vectors are commonly used.70 Other 
virus vectors such as HSV, adeno-associated virus, measles 
virus, VSV, and poliovirus can also be found in the clinical 
trials.72
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Clinical Trials and Applications of Oncolytic 

Viruses

The novel medical approaches including oncolytic cancer 
therapy inevitably need efficient tests to analyze their ability 
before being widely used or executed in the populations. 
Normally, clinical trials of various OVs would examine the 
safety, toxicity, efficacy, adverse effects, maximum tolerated 
dose, biomarkers, anti-tumour mechanism, and immune 
responses. These experiments could confine the effective 
and safe modified viruses to be used in cancer patients with 
fewer off-target delivery, lower rate of normal cell lysis, and 
less severe side effects. In addition, we could acknowledge the 
practical doses for patients and the mechanism of drugs towards 
cancer cells and the immune system against OV therapy. Here 
we summarize the clinical trials of OVs in different phases 
with various OVs in recent years. They would show the early 
stage of clinical proceedings, and the efficacy of the virus across 
many cancer types. The clinical trials included in this review 
were collected from published years between 2015–2023. The 
information of the recent clinical trials phases I,73-88 II,102,103 and 
III89-101 are presented in Tables 3–5, respectively. 

Various Approaches to Improve Oncolytic 

Virus-Delivery Specificity

Recently, viral delivery has played a vital role and extensively 
obtained attention in preclinical and clinical trials of biomedical 
fields. Owing to the specific and special properties of viruses, 
including great biocompatibility and biodegradation in cellular 
environments and minimal toxicity, viruses have been utilised 
as biological carriers of drugs, genes, and active chemical 
compounds.104, 105 Therefore, the viral delivery platform 
is nowadays developed and evolved in many therapeutic 
applications, such as vaccines, gene therapies, immunotherapies, 
cancer therapies, anti-microbial therapies, cardiovascular 
therapies, imaging, and theranostics. Particularly, OV delivery 
offers efficient anti-tumour treatment and immunovirotherapies 
with potential advantages of high safety, specificity, selectivity, 
and efficacy.20, 62, 106 On the other hand, designing the oncolytic 
viral delivery system is still a huge challenge and under 
examination due to the restrictions of bioavailability. The 
systematic administration of OVs usually can trigger strong 
host immune responses, resulting in the virus inactivation and 
clearance as well as weakened therapeutic anti-tumour effects by 
the production of neutralizing antibodies in bloodstream.107, 108  
In order to address these issues, several of the following 
approaches were introduced. 

OVs encapsulation approaches

The encapsulation of OVs exhibits a novel alternative 
strategy for facilitating cellular administration against the 
immune system.109 Numerous biomedical research works 
have been progressively reported over the past couple of years 
corresponding to the OVs encapsulation approaches for cancer 
treatment.

Bioactive polymers

Virus encapsulation using bioactive polymers and nanoparticles 
is a fascinating alternative to enhance protection from 

host immune system and improve anti-cancer therapeutic  
performance. 110-112 In 2021, Garofalo et al.113 designed a viral 
delivery platform by coating polygalactosyl-b-agmatyl (Gal32-
b-Agm29) diblock copolymer with asialoglycoprotein receptor 
on adenovirus Ad5/3-D24-ICOSL as OVs towards the 
effective hepatocellular carcinoma treatment in liver cells, as 
illustrated in Figure 2. They revealed that the polymer coated-
OVs system potentially showed a significant improvement 
in the infectivity, viral replication, the lysis of tumour cells, 
and immunogenic cell death together with high safety 
and efficacious therapeutic effect. However, some studies 
revealed that synthetic polymers and nanoparticles as carriers 
provided unpreferred delivery efficiency and elevated toxicity 
triggering undesirable side responses in host surroundings and 
improved tumour proliferation.114-116 The alternative designs 
of polymeric materials for virus delivery should focus on the 
biocompatible polymers and OVs’ capture-release efficiency. 
The natural polymers or naturally derived polymers linking 
through dynamic covalent bonds could be utilised to deplete 
the mentioned downsides.

Liposome and extracellular vehicles

Lipid-based non-viral encapsulation is recognised as an 
attractive systematic viral delivery strategy for OVs. Liposome 
and extracellular vehicles containing phospholipid bilayer 
membranes act as protective carriers to eliminate the limited 
effects of immune clearance and increase cellular uptake 
into target cells.117-119 In 2019, Wang and coworkers120 
utilised oncolytic alphavirus M1, an anti-tumour infector, 
encapsulated into liposome (M-LPO) to kill and infect zinc 
finger anti-viral protein-deficient tumour cells in LoVo and 
Hep 3B cell lines, as seen in Figure 3.121 The M-LPO delivery 
system illustrated a well-defined cellular administration with 
weakened intrinsic M1 immunogenicities and the attenuated 
responses of neutralizing-antibody production for improving 
anti-cancer therapies. Besides, in the next three years, Huang 
and his colleagues122 synthesised the novel viral delivery 
platform using cationic 1,2-dioleoyl-3-trimethylammonium-
propane-folate liposomes (Df) encapsulating oncolytic-
competent adenovirus (TAV255-Df) for the gene and anti-
tumour therapies of the CAR-deficient tumours, such as CT26 
colon carcinoma murine cells, as depicted in Figure 4. The 
TAV255-Df liposome-encapsulated platform could efficiently 
circumvent the requirement of coxsackievirus and CAR for cell 
entry and express the increment of viral transfection, tumour 
regression, and prolonged survival rate. However, occasionally 
some unencapsulated OVs could be observed as they were not 
loaded inside liposomes and remained in suspension. Thus, the 
purification of OVs from the liposome-encapsulated OVs is 
still a challenge for this delivery platform.123, 124

Nanohydrogels

As a nano-scale delivery system, nanohydrogels combine the 
advantages of the hydrogel system and nanoparticles, including 
tissue-like mechanical properties, great biocompatibility and 
biodegradability, potential surface reactivity, and probability 
for efficient cellular entry.125, 126 Hence, nanohydrogels have 
been considered as an attractive candidate for protective OVs 
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Figure 2. The design of a high potential therapeutic polymer-coated oncolytic viruses (PC-OVs) delivery system which 
is coated by electrostatic polygalactosyl-b-agmatyl (Gal32-b-Agm29) diblock copolymer with asialoglycoprotein receptor 
(ASGPR) for diagnosis of hepatocellular carcinoma in human hepatoma cell line HepG2 as a model. ****P < 0.0001. 
Reprinted from Garofalo et al.113 OV: oncolytic virus; PC: polymer-coated.
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delivery. In 2021, Deng and coworkers127 developed an OV 
delivery system employing a prostate-specific adenovirus [I/
PPT-E1A] (DNA virus) and echovirus Rigvir® ECHO-7 (RNA 
virus)-encapsulated hyaluronic acid-based redox responsive 
nanohydrogels for anti-tumour therapies (Figure 5). The 
OVs-loaded nanohydrogel platform could promote systematic 
cellular administration and viral releasability equipped with 
redox stimulation in cancer cells with highly promising 
safety and efficacy. Furthermore, this platform illustrated the 
limited anti-virus neutralizing antibody and reduced immune 
response.

Carrier cell-based delivery approaches

Carrier cell-based delivery is a process of using a suitable 
cell as a viral carrier to facilitate the ferrying. These cells 
should protect the therapeutic substances from inevitable 
biodegradation, increase the density of viral agglomeration 

at tumour cells and reduce the side effects of cancer therapy. 
Stem cells have been broadly used as carriers for numerous 
therapeutic agents as well as OVs because these carriers would 
not be filtered by the liver and neutralised via the immune 
system. Therefore, they could directly access the tumour cells 
and release the curing viruses after their replication. In this 
section, the strategies for utilizing mesenchymal stem cells 
(MSCs), neural stem cells (NSCs), menstrual blood-derived 
stem cells, tumour-infiltrating lymphocytes, and cryo-shocked 
cancer cells as carriers for the OVs will be discussed.

Mesenchymal stem cells

MSCs are multipotent stem cells that can be found in various 
sources in the body such as adipose tissue, umbilical cord, 
placental tissue, and bone marrow. MSCs have the ability to 
differentiate and express tumour-associated chemokines, which 
can benefit tumour targeting and accumulation. Moreover, 

Figure 3. Schematic illustration of the fabrication of a liposome-encapsulated M1 virus platform (M-LPO) for tumour 
therapy in LoVo and Hep 3B cell lines. Reprinted with permission from Wang et al.120 Copyright  2019 American 
Chemical Society.
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A

B C D

Figure 4. (A) The synthesis of adenovirus encapsulating cationic 1,2-dioleoyl-3-trimethylammonium-propane 
(DOTAP)-folate liposomes (Ad-Df). (B) The cellular penetration approaches of Ad-Df viral platform in various 
coxsackievirus and adenovirus receptor (CAR)-deficient cell lines. (C) Ad-Df is capable of entering the cells via 
endocytosis during no expression of CAR of the target cells, leading to transfect CAR-positive and -negative cells. (D) 
The cellular uptake into FR-positive cells can be enhanced by Ad-Df containing folate-conjugated lipid through FR-
mediated endocytosis. Reprinted with permission from Huang et al.122 Copyright  2022 American Chemical Society. 
FR: Folate receptor; PEG(2000)-PE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-ethylene 
glycol)-2000].

Thiolated hyaluronic acid polymer

Oncolytic virus (OV)

• OV encapsulation
• Nanohydrogel formulation

• Nanohydrogel redox responsive 
degradation inside cancer cell

• Release encapsulated OVs
• OVs replication
• Cancer cell apoptosis

Figure 5. A hyaluronic acid-based nanohydrogel formulation for oncolytic viral delivery for anti-cancer therapy. 
Reprinted from Deng et al.127 
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Figure 6. Application of myxoma virus-loaded mesenchymal stem cells (MSCs) for pulmonary melanoma treatment. 
Reprinted from Hadryś et al.128 

MSCs can exhibit the tolerogenic microenvironment through 
the T-cell unresponsiveness or apoptosis induction and 
suppress the activity of natural killers, CD8+ and CD4+ cells, by 

releasing prostaglandins and interleukins) in blood. Therefore, 
MSCs could be employed as a carrier for OV delivery, as 
depicted in Figure 6.128

Interleukin-15 derived-oncolytic myxoma cells carrying 
myxoma virus were delivered through intravenous 
administration via the bone marrow-derived MSCs as a viral 
carrier in order to treat pulmonary melanoma in mice.129 
The results of bioluminescence imaging showed the high 
tumour infectivity of the delivery process and enhanced 
oncolytic activity due to the immune response compared to 
blood and lungs. The levels of CD8+ and CD4+ in blood did 
not significantly increase at the endpoint of the experiment 
on the 21st day whereas those percentages were higher in the 
lung. In addition, the survival rate tended to be longer in mice 
that were injected with two doses of MSC-shielded carrying 
myxoma virus in comparison to MSC and unshielded carrying 
myxoma virus.

Neural stem cells

Malignant glioma, a brain and/or spinal cord cancer, is 
another severe disease that is rarely curable these days due to 
the rapid growth rate of the tumour cells and the prevention 
of chemotherapeutic agents by the blood-brain barrier. NSCs 
can serve as an effective vehicle for oncolytic therapy as they 
could penetrate blood-brain barrier, migrate to the tumour 
site, and distribute among the glioma cells. One recent study 
reported that the engineered oncolytic adenovirus, CRAd-S-
pk7, delivered by NSCs had a longer survival rate of 50% in 
mice compared to the virus alone.130 The clinical trial phase I 
treatment of NSC-CRAd-S-pk7 injected through the walls of 
the resection cavity affirmed the safety and feasibility of glioma 
therapy without formal dose-limiting toxicity.
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In another study, oncolytic chimeric orthopoxvirus was chosen 
as a candidate for ovarian cancer treatment. CF33, a mutated 
chimeric orthopoxvirus in the J2R (TK) gene was delivered 
via the HB1.F3.CD21 clonal NSCs.131 The precision of tumour 
targeting increased as the deficiency of TK in the CF33 could 
lead the NSCs loaded CF33 to the overexpressing TK area of 
tumour cells and thus, CF33 could infect, replicate, and kill the 
cancer cells. Another research showed the use of NSC.CRAd-
S-pk7, NSCs that are transfected with glioma-tropic oncolytic 
adenovirus, to treat ovarian cancer (OVCAR8).132 The number 
of tumours was reduced by more than 9-fold in 14 days in 
culture although the ratio of NSC.CRAd-S-pk7: OVCAR8 was 
1:1000. 

Menstrual blood derived MSCs

Menstrual blood contains MSCs which possess target tropism 
and low immunity. Menstrual blood therefore can be used to 
obtain menstrual blood derived MSCs, which are abundant 
and have a rapid growth profile. Guo et al.133 reported that 
menstrual blood derived MSCs could be used to deliver 
engineered CRAd5/F11 chimeric oncolytic adenovirus, which 
could provide a large number of viruses within the colorectal 
cancer tumour area that efficiently expressed the tumour 
inhibitory activity within 7 days after injection. This could 
serve as a promising new source of stem cell carriers that 
successfully loaded and transferred the OVs to the desired 
targets.

Tumour-infiltrating lymphocytes/T cells

Tumour-infiltrating lymphocytes/T cell (TIL) therapy has 
been introduced to synergistically used as an anti-tumour agent 
with the oncolytic adenovirus.134 The combination of those 
could enhance the treatment’s ability to target by prevention 
of neutralization and kill the cancer cell. Oncolytic adenovirus 
coding for tumour necrosis factor-α and interleukin-2 (TILT-
23) was intravenously and intratumourally delivered via TIL 
into tumours in mice. However, the relevant aspects of humans 
are still questionable and need further clarification.

Cryo-shocked cancer cells

Another state-of-the-art OV carrier is the cryo-shocked 
cancer cells in Figure 7A. The cancer cells were infected by 
an OV before treating with liquid nitrogen to eliminate the 
proliferation capacity and pathogenicity of the tumour cells.135 
After intratumoural injection as demonstrated in Figure 7B, 
the OV-loaded cancer cells could still release the targeting 
agent and have antitumour activity inside the tumour area. 
Moreover, the infiltration of CD8+ was then increased by the 
activation of dendritic cells which could elevate the amount of 
anti-tumour cytokine and reduce the infiltration of regulatory 
T cells in tumours. 

Conclusions and Perspectives 

OVs utilise extensive mechanisms to preferentially infect and 
destroy cancer cells, including the specific replication in cancer 
cells causing direct oncolysis, the induction and stimulation 
of immunogenic cell death and anti-tumour immunity, and 

tumour vasculature which can be damaged by the infection 
of engineered OVs to tumour-associated vascular endothelial 
cells, leading to tumour necrosis and the infiltration of immune 
cells.136 Genetically, engineered OVs have become the common 
promising strategy to enhance anti-tumour immunity, safety, 
and efficacy as well as targeted delivery, such as the deletion of 
ICP34.5, ICP6, E1A, γ34.5, α47, and TK gene, and the insertion 
of LacZ gene into the ICP6 coding region, and granulocyte 
macrophage colony-stimulating factor gene. 

In the field of engineered OVs as anti-tumour agents, the 
major challenge for oncolytic virotherapy is the rapid viral 
clearance due to the host’s immune response towards anti-
viral immunity, as the primary results of the various physical 
and immunological defense mechanisms of the host cells, 
which are capable of virus inactivation and elimination. 
Manipulating the host immune system to minimize anti-
viral responses and viral clearance, while immune-mediated 
tumour destruction is promoted, is a key to efficient oncolytic 
virotherapy. Hence, the design of systemic delivery carriers 
is of great significance and considerable effort has been made 
to obtain a novel and efficient platform for delivering OVs to 
targeted cells. An effective delivery method should minimize 
the viral clearance, reduce the off-target toxicity and enhance 
the tumour-specific responses. Numerous strategies have 
been developed to improve viral administration efficiency in 
preclinical and clinical settings, for instance, the encapsulation 
of OVs in polymeric scaffolds, nanoparticles, liposomes, 
extracellular vehicles, nanohydrogels, and carrier cells. The 
recent progress in genetic engineering and targeted delivery 
platforms will provide more opportunities for OVs with 
enhanced anti-tumour immunity, safety, and efficacy in 
cancer treatment and overcome clinical challenges. 

The limitation of this review paper is that it provides 
information based on computerised or electronic databases. 
The hand-searching (manual process of screening) of journals, 
conference proceedings, and other publications was not 
included in the literature search process of this review. 
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Introduction

Entheses are highly specialised interfaces 
between fibrous isotropic tendons and ligaments 
(elastic modulus = 450 MPa axially) that provide 
tensile strength, and rigid inelastic isotropic 
bones (elastic modulus = 20 GPa) that optimise 
compressive loads, facilitating joint motion.1 
Entheses evolved highly specialised structures 
that effectively dampen the forces encountered 
in the region of peak strain, to facilitate seamless 
stress transfer and prevent tendon avulsion; whilst 
maintaining effective communication between 
tendons and bones to preserve homeostasis.2-4 

This heterogenous interface is unique and owing 
to its complexity and propensity to heal with 
biomechanically inferior scar tissue, presents 
significant challenges to repair and regeneration.

Rotator cuff (RC) tears are common with an 
increasing prevalence of partial and full thickness 
tears after the age of 50, and a 90% surgical repair 
failure.5-7 The capacity to repair the damaged 
enthesis is insufficient, because of the tissue’s 
lack of regeneration, leading to scar formation 
with inferior mechanical properties at the repair 
site.8 Trials to enhance the healing progress of 
the RC enthesis have been directed towards 
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Entheses are highly specialised organs connecting ligaments and tendons to 

bones, facilitating force transmission, and providing mechanical strengths 

to absorb forces encountered. Two types of entheses, fibrocartilaginous and 

fibrous, exist in interfaces. The gradual fibrocartilaginous type is in rotator 

cuff tendons and is more frequently injured due to the poor healing capacity 

that leads to loss of the original structural and biomechanical properties and 

is attributed to the high prevalence of retears. Fluctuating methodologies 

and outcomes of biological approaches are challenges to overcome for them 

to be routinely used in clinics. Therefore, stratifying the existing literature 

according to different categories (chronicity, extent of tear, and studied 

population) would effectively guide repair approaches. This literature review 

supports tissue engineering approaches to promote rotator cuff enthesis 

healing employing cells, growth factors, and scaffolds period. Outcomes 

suggest its promising role in animal studies as well as some clinical trials 

and that combination therapies are more beneficial than individualized ones. 

It then highlights the importance of tailoring interventions according to the 

tear extent, chronicity, and the population being treated. Contributing factors 

such as loading, deficiencies, and lifestyle habits should also be taken into 

consideration. Optimum results can be achieved if biological, mechanical, 

and environmental factors are approached. It is challenging to determine 

whether variations are due to the interventions themselves, the animal 

models, loading regimen, materials, or tear mechanisms. Future research 

should focus on tailoring interventions for different categories to formulate 

protocols, which would best guide regenerative medicine decision making.



Review

86

Abdalla, A.; Pendegrass, C.

www.biomat-trans.com

regenerative methods.7 To date, there are no records of a single 
successful clinical biological approach achieving an enhanced 
healing of the injured enthesis. This review investigates the 
potential use of tailored biological therapies in different RC 
tear mechanisms, chronicity, and populations treated. 

Entheses types

Histologically, there are two types of entheses classified 
according to the presence or absence of fibrocartilage, 
Fibrocartilaginous and Fibrous. Fibrous entheses insert via 
collagen fibres at the metaphysis or diaphysis to dissipate load 
over a large area, such as the deltoid and the medial collateral 
ligament, while fibrocartilaginous are at the epiphyses of 
long bones, such as the RC and Achilles tendons.9, 10 The 
fibrocartilage of fibrocartilaginous entheses is not distributed 
evenly throughout the interface; appearing thickest in the 
deepest layers and absent superficially, consistent with the 
highest stress distribution.11, 12 Fibrocartilaginous entheses, 
such as the RC, are more commonly injured and will therefore 
be the focus of this review.13

Entheses microstructure 

Fibrocartilaginous entheses comprise four layers: dense fibrous 
tendon, fibrocartilage, mineralised fibrocartilage, and bone. 
The layers gradually increase in stiffness from tendon to bone 
to distribute forces over wider surface areas. The first level is 
composed of organised parallel appearance of collagen I and low 
levels of Proteoglycans within interspaced elongated tendon 
fibroblasts. The non-mineralised layer is populated with rows 
of round fibrochondrocytes embedded in a collagen II- and 
III-rich extracellular matrix (ECM), and low levels of collagen 
X, proteoglycans, and glycosaminoglycans. The fibrocartilage 
and mineralised fibrocartilage regions are separated by a tide 
mark. The mineralised fibrocartilage merges into bone, which 
consists of osteoblasts, osteocytes, and osteoclasts, alongside 
collagen I and a 69% elevated mineral content of which 99% is 
hydroxyapatite.14

The progressive structure and composition of entheses allow 
minimisation of the mechanical vulnerability that would arise 
due to the large elastic modulus mismatch. The structural and 
mechanical properties of entheses are a result of mechanical 
loading that have an essential role in enthesis maturation, 
allowing load transmission and stress reduction.14 This 
highlights the importance of developing repair solutions that 
mimic the native biological and mechanical integration of 
entheses. 

Entheses mechanical properties 

Force transmission via the enthesis dynamically involves 
fibre realignment, crimp deformation, and sliding, which are 

essential for remodelling and turnover. Fibrocartilage enthesis 
acts like a stretch break that limits tendon narrowing at the 
insertion, which is a region of stress concentration, hence 
tendons cross-sectional area increases as they insert into the 
bone.15, 16 The unmineralised region resists compression, 
while the mineralised resists shearing, creating a two-layered 
protective component.17 Levels of unmineralised fibrocartilage 
are higher at entheses with more varied ranges of insertion 
angles, highlighting its functional role. The mineralised 
fibrocartilage attachment into bone is rather atypical, 
providing entheses with varied mechanical integrity.14 Owing 
to the complex structure of the enthesis; when damaged, it is 
extremely challenging to repair surgically. The functionally 
gradual layers are not restored after repairs and the subsequent 
healing process.2, 18, 19

Entheses embryological development

Embryologically, it has been hypothesised that initially hyaline 
cartilage at the enthesis exists alone, and tendons attach 
to it. The cartilage erodes from the bone and is replaced by 
the fibrocartilaginous enthesis akin to a growth plate. This 
emphasises the fibrocartilaginous enthesis development within 
the tendon.20, 21 In utero, the enthesis is originally organised as an 
unmineralised cartilaginous unit that is mineralised postnatally 
by endochondral ossification.22-24 Transcription factors, such 
as SRY-box 9, have been found essential for chondrogenesis, 
and others for tenogenesis such as mohawk and scleraxis.25-27 
Scleraxis knockout mice demonstrated a lower bone mineral 
density, decreased attachment strength, and disorganised 
collagen fibres.23, 28 Growth factors (GFs), such as transforming 
growth factor-beta (TGF-β) and bone morphogenetic 
protein (BMP) are regulators in early enthesis formation, 
and molecules such as Indian hedgehog (Ihh) and parathyroid 
hormone-related protein regulate late mineralisation.22, 23, 29-31  
During early development, enthesis progenitor cells 
proliferate and lengthen it, and express collagen I. Stimulated 
by BMP-4 and Ihh, at the base of the developing enthesis, the 
cells differentiate into unmineralised fibrochondrocytes, and 
express collagen I and II. By stimulation of Ihh at the postnatal 
stage, fibrochondrocytes undergo hypertrophic differentiation 
at the base of the enthesis. As the mineralised fibrochondrocytes 
form, collagen X and alkaline phosphate are expressed.32

Since tissue distortion and decreased mineralisation are 
seen in paralysed mice models, muscle loading is essential 
for the developing enthesis maturation alongside molecular 
components.33-35 Disordered cell patterns and lack of enthesis 
regional transition are effects of reduced muscular stress during 
development.36, 37 A balance between GFs and mechanical 
stimulation gives rise to the mature complex enthesis structure 
and composition. 
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Rotator cuff enthesis and scar tissue

High rates of RC retears are well documented, where various 
improved suture techniques have been ineffective in reducing 
them.38 Surgical repairs for RC tears are often performed 
via a single or double row suture technique with the aim of 
approximating the ruptured soft tissue segment from bone. 
However, due to factors such as age, tear chronicity, and poor 
vascularity, high retear rates persist with scar-mediated tissue 
of disorganised matrix and inferior mechanical properties 
forms.7, 19, 39-42 Scar formation is thought to be a result of 
TGF-β1 production by macrophages during the inflammatory 
phase, leading to fibroblast recruitment.43 Since expression of 
TGF-β is elevated at injured entheses, it increases collagen I 
and III deposition and inhibits chondrogenic differentiation.19 

Factors influencing healing

Despite better outcomes being linked to intact repairs, it does 
not guarantee patient satisfaction with functional outcomes.44, 45  
Variables affecting outcomes of RC repairs include (I) Age: 
decrease in turnover, fatty infiltration and tear retraction 
are thought to be the cause for altering the enthesis healing 
in older populations regardless of the surgical procedure 
used.46-51 (II) Muscle atrophy: severe pre-operative atrophy 
and fatty infiltration were linked to lower post-operative 
repair integrity.45, 52, 53 (III) Smoking: nicotine has been linked 
to impairments in biomechanical properties and delayed 
healing.54 (IV) Diabetes and hypercholesterolemia: they 
have shown to reduce RC enthesis mechanical properties.55 

Additionally, diabetes increased post-operative complications, 
such as infections and failures after RC repairs, while 
hypercholesterolemia increased tendon-related pathologies.56, 57  
(V) Obesity demonstrated inferior mechanical properties and 
poorer histological outcomes with high fat diet.58 This suggests 
that long-term maintenance of dietary intake to manage 

lipid levels and blood glucose prior to injury might have a 
positive influence on the healing process. (VI) Contrasting 
evidence exists regarding the effect of vitamin D levels on RC 
enthesis healing. Animal studies suggest a negative influence 
of low vitamin D on RC repair, while clinical trials found 
no correlation between vitamin D levels and retear rates.59, 60  
However, a large clinical study of arthroscopic RC repair 
found bone mineral density to be a reliable indicator of RC 
recovery.61 (VII) Non-steroidal anti-inflammatory drugs: they 
negatively affect healing in the acute post-operative stage for 
up to 6 weeks, while positively on remodelling of collagen 
matrix in chronic stages.62, 63

Methodology 

An electronic database search was performed using UCL’s 
Online Library Service and PubMed. Keywords used were 
“enthesis AND rotator cuff”, “rotator cuff AND tear”, “rotator 
cuff OR enthesis”, “tissue engineering AND rotator cuff”, “stem 
cells AND rotator cuff enthesis”, and “growth factors AND 
rotator cuff enthesis”. Outcomes of in-vivo, in-vitro, and clinical 
studies on RC enthesis repair involving various tear extent, 
mechanism, chronicity, and population studies were also 
included. Exclusion criteria included other types of entheses, 
and surgical and rehabilitative interventions. 

A total of 59 relevant studies were found after exclusion criteria 
were applied. Of these, 45 presented positive, 10 negative, and 
4 mixed findings. 

Literature was then summarised based on three main 
interventions: stem cells, GFs, and scaffolds. Findings were 
then categorised into groups according to their findings and 
methodologies (acute-full, chronic-full, acute-partial, chronic-
partial, in aging and younger populations, and in-vitro studies). 
Figure 1 summarises the methodology process. 

Identification of studies via UCL databases and PubMed 
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Records identified from:
UCL databases and PubMed 
search (n = 342)

Records removed due to 
duplication, ineligibility, and lack 
of relevance: 
Duplicate and ineligible records 
removed based on exclusion 
criteria

Records screened and assessed 
for eligibility 
(n = 342) 

Studies included in review
(n = 59)

Records excluded according to 
selection criteria 
(n = 283)

Positive findings (n = 45)
Negative findings (n = 10)
Mixed results (n = 4) 

Figure 1. A flowchart representing selection stages of the studies for their inclusion in the literature review.
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Literature Review Findings

Cells and rotator cuff enthesis healing 

Various stem cells such as mesenchymal stem cells (MSCs), 
adipose-derived stem cells (ADSCs), and bone marrow MSCs 
(BMSCs) are under investigation for potential use in enthesis 
regeneration.64

Mesenchymal stem cells

RC enthesis repairs could benefit from MSCs’ capacity for 
self-renewal and multipotency, their availability, accessibility, 
and low immunogenicity.65 Moreover, MSCs’ local synthesis 
of GFs may improve the environment for healing.66 Animal 
model studies have proven MSCs’ potential for increasing 
ultimate load failure and resistance to mechanical deformation, 
enhancing bone quality, and attracting new fibrocartilage 
formation at the repaired site.67 Additionally, exogenous 
hyaluronic acid and MSCs have been showing promising 
potential to reduce retears.68

Bone marrow mesenchymal stem cells  

BMSCs enhanced structural integrity of the repair and 
decreased the risk of retears in a chronic full tear cohort 
that underwent arthroscopic RC surgery with repeated 
channelling.69 Moreover, partial tear BMSC-enhanced repairs 
and prevented retears in 10-year follow-ups.70 Additionally, 
arthroscopy surface holding with BMSC stimulation increased 
RC repair integrity in large chronic tears.71 BMSCs stimulated 
by bioactive factors were more effective in promoting 
tissue regeneration. Platelet-rich plasma (PRP)-infused 
BMSCs improved GF production, osteogenic differentiation 
capacity, cell death resistance in-vitro, and biomechanical 
properties of newly formed bone in-vivo.72 Conversely, 
structure, composition, and strength of the repaired enthesis 
remained unchanged, despite BMSCs being present and active 
metabolically.73 However, this may be due to the short time 
taken to conduct the study, since stem cells require a longer 
time to be effective.74 Moreover, adenoviral MT1-matrix 
metalloproteinase (MMP)-augmented MSCs resulted in better 
fibrocartilage formation, and higher ultimate load and stress to 
failure after 4-week repair of acute full tears, while long-term 
effects require further research.75 

Adipose-derived stem cells

ADSCs have a comparable shape and expression of the cluster 
differentiation surface marker protein to BMSCs with greater 
colony-forming and adipogenic capacity. They demonstrated 
multipotency in-vitro; developing into adipose, osteogenic, 
chondrogenic, and myogenic cells.76 Four groups were 
compared in a chronic full rabbit repair model: saline + suture, 
suture + ADSCs, saline, and ADSCs. ADSC and saline groups 
failed to heal, while suture + ADSCs group had a larger load to 
failure and less fatty infiltration than saline + suture group.77 
Moreover, ADSCs imbedded in a fibrin sealant resulted in 
superior histological and biomechanical outcomes, in acute full 
murine RC repairs.78 As for the ideal location to deliver cells, 
regeneration was found most effective when stem cell sheets 
were interposed at the enthesis, in chronic full tears.79

In contrast, ADSCs in acute and chronic rat RC reconstruction 
models did not enhance biomechanical characteristics. 
However, inflammation was reduced, which could potentially 
lead to a more elastic repair and less scar formation after the 
healing process.80 Furthermore, TGF-β3 supplementation 
did not enhance ADSCs’ effect on healing, despite its known 
role in the development of the enthesis.81 The absence of 
other mediators that are present during development and the 
presence of inflammatory mediators may have affected the 
bioactivity of TGF-β3 at the repair time. However, this study 
did not measure healing at different time points and ADSCs 
were not labeled to permit analysis of cell retention. 

Due to contradictory evidence, it is unclear whether ADSCs 
constitute a good option to speed RC tendon-bone healing. To 
demonstrate its value in RC healing, more animal and clinical 
research is required. Additionally, challenges of availability, 
seeding, survival, and specificity of such therapies and the 
ethical regulatory barriers are yet to be overcome for this to 
reach a clinical trial. Table 1 summarises the findings.

Cell pathways and rotator cuff enthesis healing

Ihh signaling molecule 

Ihh signaling is active during the initial phases of RC enthesis 
healing.29, 82, 83 Fibrocartilage production in an acute full rat RC 
repair model had higher numbers of Ihh chondrocyte-like cells 
with MSC augmentation. Increased GLI family zinc finger 1 
(Gli1) and Patched1 expression suggests that Ihh signaling 
pathway controls fibrocartilage production process brought 
on by stem cells. While both are expressed in fibroblasts of 
the tendon mid-substance, Ihh is primarily expressed in 
chondrocytes of the fibrocartilage region, which may indicate a 
coordinated interaction between chondrocytes and fibroblasts 
during healing.82 Additionally, immature mice with acute 
partial tears had a better recovery than adult mice due to 
the increased density of Gli1+ cells near the injured enthesis, 
mimicking its natural developmental process.83

Parathyroid hormone related protein

Parathyroid hormone (PTH) has been demonstrated to enhance 
tissue repair via a chondrogenic pathway.84, 85 Osteoblasts 
speed up tendon-bone healing when PTH binds to its receptor 
in BMSCs during the tendon-bone healing process. Chen et 
al.86 showed that PTH may influence the tendon-bone healing 
process by maintaining the proliferation of BMSCs. 

Daily systemic PTH injections boosted fibrocartilage 
development, type-I procollagen-producing cells, and 
vascularity, which improved collagen fibre structure and 
mineralised fibrocartilage production in acute full RC tears.87 
Biomechanically, Duchman et al reported higher load to 
failure in recombinant human PTH-treated acute full RC tear 
rat model, and expression of intracellular and extracellular 
vascular endothelial growth factor (VEGF) with controlled 
recombinant human PTH systemic injections.88 Clinical 
investigations of advanced cases with chronic large tears 
achieved similar outcomes, and reduced retear rates.89 Table 2 
summarises the findings.
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Growth factors

GFs have been investigated to modulate stem cells in RC 
enthesis of small and large animal models.90-96 Fibroblast 
growth factor 2 (FGF-2), growth differentiation factor, 
TGF-β3, and platelet-derived growth factor are commonly 
used examples.97-104 GFs such as BMP-12, -13, -14, basic 
fibroblast growth factor, cartilage oligomeric matrix protein, 
connective tissue growth factor, platelet-derived growth 
factor-B, and TGF-β1 have been found to be involved 
in enthesis healing process, one week after acute full rat 
supraspinatus repair. By 16 weeks, GF upregulation was back 
to pre-injury levels, indicating exogenous supplementation of 
these substances may encourage successful healing in acute 

stages.105 Angiogenesis and fibroblast proliferation are both 
powerfully stimulated by basic fibroblast growth factor. It 
continues to be strongly exhibited throughout the healing 
process, peaking at 7 and 9 days.106 Similar outcomes were 
attained in acute full sheep model RC tear, where BMP and 
VEGF induced angiogenesis and vasculogenesis, causing 
faster and better recovery.43, 107

Studies investigated TGF-β3’s potential to push scar-mediated 
healing to a regenerative one.108-111 Sustained delivery of 
TGF-β3 via a heparin/fibrin-based system in a rat model 
improved RC enthesis healing, while still inferior to an 
uninjured enthesis and disorganised scarring.110 Conversely, 
studies reported no improvement in biomechanical properties 

Table 1. Summary of cell-based therapies literature findings

Author Study Model Tear Intervention Outcome measure Results

Honda et al.68 In-vivo Rabbit Chronic full MSC + HA Biomechanical, 
histological, and 
immunohistochemical 
analyses

Positive: Improved 
ultimate load and faster 
healing

Jo et al.69 Clinical Human Chronic full BMSC + 
arthroscopic 
repeated 
channeling 

Pain scale, ROM, 
muscle strength, 
patient satisfaction 
questionnaire, and 
functional scores. 
Structural integrity by 
MRI and CT

Positive: Enhanced 
structural integrity of 
the repair and decreased 
retears

Hernigou et al.70 Clinical Human Chronic partial BMSC + 
arthroscopy

MRI Positive: Faster complete 
healing/retear prevention 

Taniguchi et al.71 Clinical Human Chronic partial ASH + BMSC MRI Positive: Reduced retear 
rates/better integrity 

Han et al.72
In-vitro, 
in-vivo 

Rat Acute full PRP-infused 
BMSC

Expression of genes that 
related to tissue repair, 
bone formation, and 
tendon regeneration; 

Positive: Stronger signals 
to angiogenesis, bone 
formation, and tendon 
generation in-situ

Biomechanical 
assessment

Promoted healing in-vivo

Gulotta et al.73 In-vivo Rat Acute full BMSC Biomechanical & 
histological analyses

Negative: No change in 
structure, composition, or 
strength 

Gulotta et al.75 In-vivo Rat Acute full MT1-MMP-
transduced MSCs

Biomechanical & 
histological analyses

Positive: Better 
fibrocartilage formation, 
higher ultimate load and 
stress to failure, and higher 
stiffness

Oh et al.77 In-vivo Rabbit Chronic full ADSC + suture Electromyographic, 
biomechanical & 
histological analyses

Positive: Larger load 
to failure and less fat 
infiltration 

Chen et al.78 In-vivo Murine Acute full ADSC imbedded 
in fibrin sealant 
scaffold

Biomechanical & 
histological analyses

Positive: Better 
biomechanical strength 
and histological score 

Choi et al.79 In-vivo Rat Chronic full ADSC sheets 
interposed at the 
enthesis

Biomechanical & 
histological analyses

Positive: Successful 
complete regeneration and 
biomechanical strength 

Valencia Mora 
et al.80

In-vivo Rat Chronic full ADSC, ADSC + 
TGF-β3

Biomechanical & 
histological analyses

Positive: Reduced 
inflammation

Negative: Unchanged 
maximum load, elastic 
energy, mechanical 
deformation, and stiffness

Note: ADSC: adipose-derived stem cell; ASH: arthroscopy surface holding; BMSC: bone marrow mesenchymal stem cell; CT: computed 
tomography; HA: hyaluronic acid; MMP: matrix metalloproteinase; MRI: magnetic resonance imaging; MSC: mesenchymal stem cell; 
PRP: platelet-rich plasma; ROM: range of motion; TGF: transforming growth factor.
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or scar reduction, with TGF-β3 and neutralising bodies for 
TGF-β1 and -β2 delivered via osmotic pumps, while inhibiting 
TGF-β1 improved RC enthesis quality by reducing fibrosis, 
fatty infiltration, and muscle atrophy.108, 112 This however may 
be due to the delivery method used in the study, as antibodies 
were not delivered directly to the interface, rather to the bursal 
surface. Additionally, TGF-β1 release could compete for 
receptors with TGF-β3, which leads to reduced effectiveness 
of TGF-β3 treatment. A suggested solution is to combine 
TGF-β3 with a cytokine antagonist and TGF-β-neutralising 
antibodies or MMP inhibitors for acute full tears.32

Recombinant human FGF-18 was investigated for 
chondrogenic differentiation of BMSCs in a rat acute full tear 
model and enhanced regeneration in acute full RC tears.113 
Furthermore, tumour necrosis factor (TNF) cytokine has 
been found to suppress chondrogenic stimulation via nuclear 
factor-kappa B by downregulating SRY-box 9 expression, 
whilst TGF-β3 solely was not ideal.114 While TNF inhibitor 
pegylated soluble TNF-R1 increased fibrocartilage and 
enhanced load to failure and stiffness, no improvement was 
seen past 8 weeks.115 

Since loading after RC repairs is essential to prevent bone loss 
at the enthesis attachment, to achieve a mechanically resilient 
enthesis, collagen fibres within the tendon must attach to bone 

via mineralised fibrocartilage and remodel the underlying 
bone.30, 116 Hence, osteoinductive factors (BMP-2–7) are used 
to induce chondrogenic differentiation and stimulate ECM 
component synthesis such as proteoglycans and collagen-II. 
Additionally, BMP-7 improved enthesis matrix maturation in 
gelatin hydrogel sheets of acute full RC tears.117, 118 Conversely, 
Rodeo et al.107 implanted TGF-β1–3, BMP-2–7, and FGF in a 
collagen I matrix sponge and compared it to collagen sponge 
alone, in a sheep acute RC repair. While the study reported 
greater bone, fibrocartilage, and soft tissue formation, stiffness 
was less than collagen sponge only group.107 Although 
frequently having superior mechanical properties compared 
to controls, GF-enhanced repairs lack identical biomechanical 
qualities as native entheses.

GF temporal expression

Despite being present in all stages of healing, GF signal different 
pathways with different cell types during each stage. BMP-
12, -13, -14, bFGF, connective tissue growth factor, platelet-
derived growth factor, TGF-β1, and cartilage oligomeric matrix 
protein-1 are upregulated at the initial inflammatory stage, and 
subside by 16 weeks.105 The delay of TGF-β1 upregulation at 8 
weeks is correlated with scar formation process.119 However, 
BMP-12 is expressed during all three phases, with a marked 
increase at eight weeks of remodelling stage. This highlights 

Table 2. Summary of signaling molecules therapies literature findings

Author Study Model Tear Intervention Outcome measure Study results

Zong et al.82 In-vivo Rat Acute full Ihh + MSC Immunohistochemical 
staining and 
proliferating cell 
nuclear antigen staining

Positive: Increased Gli1 and 
Patched1 expression.
More organised and stronger 
staining for collagen II

Schwartz et al.29 In-vivo Murine Acute partial Ihh Lineage tracing Positive: Gli1 lineage cells that 
originate in utero eventually 
populate the entire mature 
enthesis.
Ablation of the Hh-responsive 
cells during the first week 
of postnatal development 
resulted in a loss of mineralised 
fibrocartilage

Schwartz et al.83 In-vivo Mouse Acute partial Ihh Lineage tracing Positive: High levels of Gli1 
expression in immature mice 
and mature entheses had fewer 
Gli1+ cells

Hettrich et al.87 In-vivo Rat Acute full Systemic PTH Histologic, 
immunohistochemical, 
biomechanical analyses

Positive: Higher stiffness, 
bone volume and mineral 
content; More fibrocartilage, 
osteoblasts, and blood vessels 
formation; Better collagen 
orientation

Duchman et al.88 In-vivo Rat Acute full Systemic rhPTH Biomechanical and 
histologic analysis

Positive: Higher load to failure.
Expression of intracellular and 
extracellular VEGF

Oh et al.89 Clinical Human Chronic full Systemic rhPTH MRI, ROM, American 
Shoulder and Elbow 
Surgeons and Constant 
scores, and simple 
shoulder test

Positive: Lower retear rate

Note: Gli1: GLI family zinc finger 1; Hh: hedgehog; Ihh: Indian hedgehog; MRI: magnetic resonance imaging; MSC: mesenchymal 
stem cell; PTH: parathyroid hormone; rhPTH: recombinant human parathyroid hormone; ROM: range of motion; VEGF: vascular 
endothelial growth factor.
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GF temporal expression involved in various stages of healing, 
which is essential in developing GFs delivery devices that can 
be introduced to spatiotemporally target RC repairs. Since 

healing process is regulated by multiple GFs, targeting one is 
not ideal functionally or mechanically.105 Table 3 summarises 
the findings.

Table 3. Summary of growth factor-based therapies literature findings

Author Study Model Tear Intervention Outcome measure Study results

Würgler-Hauri 
et al.105

In-vivo Rat Acute full BMP-12–14, 
bFGF, COMP, 
CTGF, PDGFB, 
TGF-β1

Immunohistochemical 
staining

Positive: Increase in the 
expression of all GFs at 1 
week, and followed by a return 
to control or undetectable 
levels by 16 weeks

Kobayashi et 
al.106

In-vivo Rabbit Acute full BMP-12–14, 
bFGF, COMP, 
CTGF, PDGFB, 
TGF-β1

Light microscopy 
after staining with 
hematoxylin-eosin 
and Elastica-Masson; 
Immunohistochemical 
staining

Positive: GFs are involved 
in early phases of healing 
promotion

Rodeo et al.107 In-vivo Sheep Acute full BMP and VEGF MRI, plain radiographs, 
histologic analysis, and 
biomechanical testing

Positive: Greater formation of 
new bone, fibrocartilage, and 
soft tissue, with an increase in 
tendon attachment strength

Angeline and 
Rodeo43

In-vivo Sheep Acute full BMP and VEGF Histologic analysis Positive: Induced angiogenesis 
and vasculogenesis.
Faster and better recovery

Manning et al.110 In-vivo Rat Acute full TGF-β3 Histologic and 
biomechanical analyses

Negative: Disorganised scar 
and inferior mechanical 
properties

Kim et al.108 In-vivo Rat Acute full TGF-β3 Histologic and 
biomechanical analyses

Negative: Disorganised scar 
and inferior mechanical 
properties

Davies et al.112 In-vivo Mouse Acute full Inhibiting 
TGF-β1

Histologic analysis Positive: Reduced fibrosis, 
fatty infiltration, and muscle 
atrophy

Jensen et al.32 In-vivo Mouse Acute full 
and partial

TGF-β3 + 
cytokine + MMP 
inhibitors

Reviewing the literature Positive: Enhanced healing

Zhou et al.113 In-vivo Rat Acute full rhFGF-18 Histologic analysis Positive: Promoted 
chondrogenesis and promoted 
healing and regeneration

Sitcheran et al.114 In-vivo Mouse Acute full TGF-β3 Histologic analysis Negative: No improvement in 
healing

Gulotta et al.115 In-vivo Rat Acute and 
chronic 
full

TNF inhibitor Histologic and 
biomechanical analyses

Positive: Elevated 
fibrocartilage, and enhanced 
load to failure and stiffness

Dorman et al.117 In-vivo Mouse Acute full BMP-2–7 Histologic analysis Positive: Fully healed enthesis 
without toxicity

Kabuto et al.118 In-vivo Rat Acute full BMP-2–7 Histologic and 
biomechanical analyses

Positive: Improved 
biomechanical properties

Note: bFGF: basic fibroblast growth factor; BMP: bone morphogenetic protein; COMP: cartilage oligomeric matrix protein; CTGF: 
connective tissue growth factor; GF: growth factor; MMP: matrix metalloproteinase; MRI: magnetic resonance imaging; PDGF: 
platelet derived growth factor; rhFGF: recombinant human fibroblast growth factor; TGF: transforming growth factor; TNF: tumour 
necrosis factor; VEGF: vascular endothelial growth factor.

Scaffolds and augments

Augmentations via ECM or synthetic materials could 
potentially optimise RC enthesis healing.120 Allografts, 
synthetic polymers, autografts, and xenografts have been used 
for RC repairs.121 Despite improvements in xenografts and 
allografts decellularisation procedures, they still carry the risk 
of infection and inflammatory responses from residual donor 
DNA, high degradation rates, inferior mechanical qualities, and 
non-specific induction abilities.43 These concerns have sparked 

an interest to create grafts and scaffolds for enhanced repairs. 
Engineered scaffolds with a mix of natural and synthetic 
biomaterials offer an alternative solution to combat adverse 
effects caused by synthetic materials. Natural biomaterials 
including fibrin, collagen, elastin, and hyaluronic acid offer 
extracellular signals that facilitate cell infiltration and tissue 
regeneration, where positive results with good host tissue 
integration, remodelling, and improvement in biomechanical 
qualities are reported in animal trials employing them.122, 123 
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Known to selectively differentiate BMSCs to chondrocytes, 
and gelatin methacrylol, a novel biomaterial with promising 
results in drug carrying, enhanced healing. kartogenin-loaded 
gelatin methacrylol hydrogel scaffold with bone marrow 
stimulation promoted fibrocartilage formation and resulted 
in superior mechanical properties in acute full RC repairs.124 
Compared to traditional double row suture repairs, engineered 
tissue grafts with 6 months follow-up showed 11% increased 
elastic modulus, the repaired enthesis was formed similarly 
to the native tissue, suggesting potential long-term retear 
prevention.93

Exosome-delivered BMP-2 and polyaspartic acid in an acute 
full RC tear rabbit model resulted in increased tissue mineral 
density and ultimate load strength, via Smad/RUNX2 
signaling pathway. Additionally, tendon regeneration- and 
cartilage differentiation-related expressions were upregulated, 
suggesting the positive potential of using bioactive scaffolds 
in enthesis healing.125 Since stem cells contribute to healing 
by autocrine/paracrine signaling through GFs and cytokines, 
delivering GFs via scaffolds is a simpler and more direct 
approach to improve RC healing. While interleukin-1 beta 
inhibited chondrogenesis and maturation of MSCs, the 
mechanical functionality of the tissue was preserved with 
three-dimensional (3D) woven polycaprolactone scaffolds.126 
Highlighting the importance of developing strategies to 
protect against the deleterious effects of cytokines. 

A novel strategy combined a 3D printed polylactide-co-
glycolide acid scaffold with a cell-laden collagen hydrogel to 
fabricate layered structures. Mechanical properties improved 
supporting growth, proliferation, tenogenic differentiation of 
human ADSCs, and excellent biocompatibility.127

As for clinical studies, long-term effect of a polypropylene 
patch was assessed on large chronic RC repairs and compared 
with collagen patches, in a patient cohort of 66-year-old. 
Results showed superior outcomes in muscle strength, pain 
score, and tendon integrity via ultrasound after a 3-year 
follow-up.128 Repairs augmented with 3D biological collagen-I 
mesh in moderate and large RC tears of patients over 50 years, 
followed-up for 24-month resulted in better arranged collagen 
fibres, inflammatory cells less infiltrated, and lower RC retears 
at 17%.129

Although revealed to lower re-ruptures and tissue oedema in 
animals, porcine small intestine submucosa has been shown 
ineffective in humans.130, 131 Due to poor functional results and 
significant complications, trials cautioned against using small 
intestine submucosa for RC repairs.131, 132 

In general, scaffolds provide a growth microenvironment 
for cells and can be used as carriers for seeded cells and GFs, 
creating optimal conditions for RC enthesis healing. However, 
those technologies are still tackling the formation of fibrous 
cartilage, inflammatory reactions, elevated degeneration rates 
of the grafted scaffolds, and long-term follow-up. 

Demineralised bone matrix 

Demineralised bone matrix (DBM) is cancellous bone with 
osteoinductive and osteoconductive characteristics, known 

to elicit good adhesion, proliferation, and differentiation 
of MSCs.133 DBM-based repairs have not been consistent in 
improving collagen organisation and fibrocartilage formation, 
nor result in higher bone mineral density.134 However, 
supplementing them with BMSCs resulted in superior 
outcomes in chronic full tears.135 Additionally, the use of DBM-
based sponge hydrated with PRP resulted improved strength 
and histological structure in chronic full tears.136 Despite this, 
when evaluating the clinical outcomes of patients undergoing 
biologically enhanced DBM-augmented RC repairs, 50% 
of patients’ magnetic resonance imaging (MRI) confirmed 
supraspinatus failure.137

A more recent study fabricated a gradient multi-tissue 
construct that mimics structural, compositional, and cellular 
heterogeneity of the native enthesis designed by 3D cell-
printing and tissue-specific decellularised ECM bioinks, 
where findings suggested improvement in restoring shoulder 
function.138 The first human pilot study was performed to assess 
the safety and efficacy of autologous dermal fibroblast (ADF) 
injections on full chronic RC repairs of patients aged 20–80 
years. Fibroblast samples were obtained from the patients’ 
gluteal region and cultured for four weeks. Patients from both, 
the control group who did not have an ADF injection, and 
experimental group, underwent standardised post-operative 
rehabilitation program involving ice application for 5 days and 
tramadol for a week, alongside abduction brace immobilisation 
for five weeks. Exercises such as shoulder shrug and active 
elbow and forearm range of motion were encouraged 
immediately after surgery. 10–12 weeks after surgery active-
assisted, active range of motion, and strengthening exercises 
were performed, with return to sport allowed after 6 months. 
Successful healing without adverse effects was reported in 
1-year follow-up.139 However, this study was limited by the 
small number of participants and the optimal dosage of ADF 
was not established. It is difficult to conclude the effectiveness 
of DBM-based augments on the overall healing process. Larger 
studies are necessary to examine its true effectiveness and 
long-term effect. 

Platelet-rich plasma 
PRP provides a rich source of GFs and cytokines such as 
PDGF, TGF-β, FGF, VEGF, and IGF.140 In a study comparing 
the clinical and structural outcomes between arthroscopic 
repair of full thickness RC tears with and without PRP 
supplementation, retear rates were lower with PRP in 
tears greater than 3 cm, with improved Constant score.141 
Conversely, platelet-rich fibrin clot matrix, a variant of PRP 
with a fibrin matrix showed no difference in tendon thickness 
and greater tuberosity coverage in chronic full tears, and 
positive outcomes in partial tears.142 However, this could be 
due to variable PRP preparation used, the nature of PRP used, 
and level of platelet activation not being accounted.143 Thus, 
future research should focus on controlled PRP formulations 
to judge the benefits of this intervention more accurately. 

Systematic reviews revealed PRP injections intraoperatively 
to produce better long-term pain and shoulder function 
outcomes following repairs in chronic full tears. While for 
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short-term follow-ups, PRP was superior in improving 
function only, in partial RC tears.144-147 Post-operative 
subacromial PRP injections on patients with partial RC tears 
revealed improvement in functional outcomes up to 6 months, 
despite magnetic resonance imaging structural outcomes being 
insignificant, and long-term follow-up not being recorded.148 
Moreover, PRP combined with sodium hyaluronate yielded 
better outcomes in partial RC tears in younger population after 
12 months of follow-up.149 Recent meta-analyses showed PRP 
augments with double-row constructs have the best outcomes 
for chronic full tears, according to visual analogue scale (VAS), 
Constant, Simple Shoulder Test and retears.150, 151

Ilhanli et al.152 debated that PRP may be as effective as 
physiotherapy interventions in patients with chronic partial 
tears followed up for 12 months. Despite a study showing 

an increase in PRP concentration after exercise, it remains 
unknown whether physiotherapy could enhance the effect of 
PRP.153 Moreover, the literature varies in terms of exercise type, 
intensity, and duration for RC tears.154 Standard rehabilitation 
protocols and ideal platelet concentrations for PRP augmented 
repairs are essential to preserve outcomes and create tailored 
care for patients with different backgrounds and abilities. 

PRP is considered a suitable alternative to corticosteroid 
injections, which are commonly used clinically to manage RC 
tears. Achieving pain relief and good clinical outcomes add to 
the benefit of avoiding the adverse effects of corticosteroids on 
the body, which makes it an alternative approach to managing 
symptomatic RC tears, in both; young and athletic, and older 
populations with comorbidities. Table 4 summarises the 
findings.

Table 4. Summary of scaffold-based therapies literature findings

Author Study Model Tear Intervention Outcome measure Study results

Huang et al.124 In-vivo Rabbit Acute full KGN-loaded GelMA 
hydrogel + BMSC 
scaffold

Macroscopy, 
microcomputed 
tomography, histology, 
and biomechanical tests

Positive: Promoted 
fibrocartilage 
formation and superior 
mechanical properties

Novakova et 
al.93

In-vivo Sheep Acute full Engineered tendon 
construct with BMSCs

X-ray and 
biomechanical tests

Positive: Native-like 
enthesis with higher 
modulus

Han et al.125 In-vivo Rabbit Acute full BMP-2 + polyaspartic 
acid + Smad/RUNX2 
signaling

Transmission electron 
microscopy staining; 
Biomechanics and 
histological assessment

Positive: Increased 
bone and tissue 
mineral density and 
ultimate load strength

Ousema et al.126 In-vitro RC tear 3D woven PCL scaffold 
+ IL-1 inhibition on 
MSCs

Histological, 
biomechanical, and 
immunohistochemistry 
analyses

Positive: Mechanical 
functionality preserved 
with the use of a 3D 
woven PCL scaffold

Jiang et al.127 In-vitro RC tear 3D PLGA scaffold + 
a cell-laden collagen 
hydrogel + ADSCs

Histological and 
biomechanics analyses

Positive: Improvement 
in mechanical 
properties and 
biocompatibility

Iannotti et al.131 Clinical Human Chronic full SIS Penn shoulder-score 
questionnaire and MRI

Negative: No 
improvement in 
healing and clinical 
results

Malcarney et 
al.132

Clinical Human Chronic full SIS Study discontinued due 
to adverse effects

Negative: 
Inflammatory reaction

Sclamberg et 
al.130

Clinical Human Chronic full SIS Patient questionnaire, 
MRI, and ASES

Negative: No 
improvement and 
worse pot-operative 
outcomes

Ciampi et al.128 Clinical Aging 
human

Chronic full Polypropylene 
augmentation patch

Ultrasound, muscle 
strength, and VAS

Positive: Improved 
muscle strength, pain 
score, and tendon 
integrity

Cai et al.129 Clinical Aging 
human

Chronic full 3D biological 
collagen-I mesh

MRI, VAS, UCLA SST, 
and Constant score

Positive: Less retear 
rates

Hoberman et 
al.133

In-vitro RC tear DBM + BMSCs + PRP Adhesion, 
proliferation, and 
differentiation assays

Positive: Better 
adhesion, proliferation, 
and differentiation

Thangarajah et 
al.134

In-vivo Rat Chronic full DBM Histological analysis Negative: No 
improvement in 
collagen organisation 
and fibrocartilage 
formation

Thangarajah et 
al.135

In-vivo Rat Chronic full DBM + MSCs Histological analysis Positive: Enhanced 
healing



Review

94

Abdalla, A.; Pendegrass, C.

www.biomat-trans.com

Table 4. Continued

Author Study Model Tear Intervention Outcome measure Study results

Smith et al.136 In-vivo Canine Chronic full PRP + DBM Histological and 
biomechanical analysis

Positive: Improvement 
in strength and 
histological structure

Wellington et 
al.137

Clinical Human Chronic full DBM + MSCs MRI Negative: 
Supraspinatus failure

Chae et al.138 In-vivo Mouse Chronic full 3D cell-printed 
tendon-bone interface 
construct

Gait analysis, 
histological and 
biomechanical analysis

Positive: Fully formed 
enthesis, improved 
shoulder outcome 
and biomechanical 
properties

Yoon et al.139 Clinical Aging 
and 
young 
human

Chronic full ADF ROM, VAS, and MRI Positive: No adverse 
effects, improved VAS, 
and functional scores

Warth et al.141 Clinical Human Chronic full PRP MRI and Constant 
score

Positive: Lower retear 
and improved constant 
score

Castricini et 
al.142

Clinical Human Chronic 
partial

Autologous PRFM MRI Positive: Improved 
tendon integrity

Chronic full Autologous PRFM MRI Negative: No difference 
in constant score and 
tendon integrity

Giovannetti de 
Sanctis et al.144

Systematic 
review

Human Chronic 
partial

PRP Shoulder function and 
VAS

Positive: Improved 
pain and shoulder 
function

Von Wehren 
et al.145

Clinical Human Chronic 
partial

PRP MRI, Constant score, 
ASES, shoulder ROM, 
and VAS

Positive: Improved 
pain and function

Xu and Xue146 Systematic 
review

Human Chronic full PRP Retear rate, Constant, 
UCLA, ASES, VAS, 
and adverse effects

Positive: Improved 
shoulder outcome and 
reduced retear rate

Rha et al.147 Clinical Human Chronic 
partial

PRP Shoulder Pain and 
Disability Index, ROM, 
and ultrasound

Positive: No adverse 
effects, and improved 
shoulder pain and 
function

Shams et al.148 Clinical Human Chronic 
partial

PRP MRI, ASES, Constant 
Score, SST, and VAS

Positive: Improved 
shoulder function 
and minor MRI 
improvement

Cai et al.149 Clinical Young 
human

Acute partial SH + PRP VAS, Constant score, 
and MRI

Positive: Better VAS, 
constant score, and 
MRI findings

Ryan et al.150 Systematic 
review

Human Chronic full PRP Constant, ASES, 
UCLA, SST, VAS, and 
retear rate

Positive: Reduced 
retear rates and 
improved clinical 
outcomes

Lavoie-Gagne 
et al.151

Systematic 
review and 
meta-
analysis

Human Chronic full PRP Clinical characteristics, 
retear rates, ROM, 
and patient reported 
outcomes

Positive: Reduced 
retear rates and 
improved clinical 
outcomes

Ilhanli et al.152 Clinical Human Chronic 
partial

PRP ROM, VAS, 
Disabilities of Arm, 
Shoulder and Hand 
questionnaire, Neer’s, 
Hawkins’ and drop 
arm tests and Beck 
Depression Inventory 
questionnaire

Negative: Results 
were not superior to 
physiotherapy

Note: 3D: three-dimensional; ADF: autologous dermal fibroblast; ADSC: adipose-derived stem cell; ASES: American Shoulder and 
Elbow Surgeons; BMP-2: bone morphogenetic protein-2; BMSC: bone marrow mesenchymal stem cell; DBM: demineralised bone 
matrix; GelMA: gelatin methacrylol; IL-1: interleukin-1; KGN: kartogenin; MRI: magnetic resonance imaging; PCL: polycaprolactone; 
PLGA: polylactide-co-glycolide acid; PRFM: platelet-rich fibrin clot matrix; PRP: platelet-rich plasma; RC: rotator cuff; ROM: range 
of motion; SH: sodium hyaluronate; SIS: small intestine submucosa; SST: Simple Shoulder Test; UCLA: University of California Los 
Angeles; VAS: visual analogue scale.
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Biomechanical Loading Response 

Loading tendons is critical for the maintenance of developing 
entheses, and tissue deformity, delayed mineralisation, and 
porous non-mineralised tissues are observed when unloaded. 
Mechanical stimulation increases TGF-β1 and Prrx1+ cells to 
stimulate enthesis repair.155 Unloading affects chondrocyte 
hypertrophy, leading to fibrocartilage absence at the insertion 
by eight weeks of immobilisation.36 Reduced humeral volume 
with flatter surface and morphological changes comparable to 
those with cerebral palsy were noted, which is attributed to 
an increase in osteoclasts activity. Hence, blocking osteoclasts 
activity by bisphosphonate drugs partially recovers bone 
mineralisation and volume.36, 37 This imbalance, therefore, 
contributes to developing an overall mechanically inferior 
tissue. 

While prolonged and immediate mechanical loading induced 
adverse effects, low-intensity loading was beneficial as opposed 
to complete removal.156-158 Since immediate excessive and 
prolonged loading produce adverse effects, and removal causes 
malformation, a requirement for balance between loading and 
healing is essential. When compared to various rehabilitative 
regimens, simple progressive loading is ideal.159 

Discussion 

RC tears are one of the most common causes of pain and 
dysfunctions in the shoulders, occurring in 9% under the age of 
20 years to 62% until 80 years old.160 Overhead-sport athletes 
are at higher risk of chronic RC injuries, due to repetitive 
loads leading to microtraumas, while contact-sport athletes 
have a higher risk of traumatic acute tears.161 As for the aging 
population, degenerative pathologies are the most prevalent 
mechanism of injury.162 Older patients with chronic tears would 
benefit from non-operative approaches, and younger athletes 
presenting acute tears require surgery, due to expectations 
of returning to competition. However, competitive athletes 
record lower return rates compared to recreational ones.163 The 
reason for this remains multifactorial and may not be directly 
related to the repair, but rather a result of psychological factors 
such as fear of injury reoccurrence.164, 165

RC repairs present good short-term pain and function 
improvement, and high retears in the long-term.166 Failure of 
complete healing urges the shift to alternative strategies aiming 
at restoring the native tissue’s structure and biomechanical 
properties. Since the RC enthesis is made of a variety of cellular 
components organised in a gradient complex ECM structure, its 
regeneration requires the co-regulation of multiple factors.167

Stem cell role

The effectiveness of using stem cells to promote RC enthesis 
healing lies in regulating the differentiation of stem cells into 
target cells. This regulation is affected by certain factors: (1) the 
interaction between cells, (2) GFs and signaling molecules in 
promoting their expression, and (3) local microenvironment 
and mechanical stimulation. Obtaining stem cells and their 
survival rate are issues faced when used for RC enthesis 
healing, hence, improving this can broaden their use in 
hypoxic conditions. Additionally, methods in which stem cells 
are taken from patients can reduce patient inconvenience.167

Growth factor role 

GFs regulate RC enthesis healing in several ways: (1) different 
GFs are expressed in stages of healing, with GFs promoting 
angiogenesis present in the inflammatory stage, and those 
endorsing cell differentiation for collagen synthesis at the 
repair and remodelling stages.168 (2) As a signaling molecule, 
by promoting the expression of genes and proteins related 
to regulate the biological behavior of cells. (3) By interacting 
with other GFs. It is essential to consider that: (1) GFs have 
a short half-life, thus carriers to delay their local release rate 
and maintain their effect are essential. (2) GFs have different 
effects based on the tear type. (3) The role of some GFs and 
their signaling pathways remains unclear. Considerable 
variations persist between studies in the preparation of GFs 
(recombinant, synthetic), delivery methods (local injections, 
systemic, within scaffold, coated sutures), and timing (pre-, 
peri-, post-operative, and repeated dosages). 

Scaffold’s role 

The choice of scaffold material should meet the growing needs 
of specific cells, simulate its ECM, mechanically support, 
and provide a suitable growth environment. Since the main 
component at the RC insertion is collagen, the application 
of biomaterials with collagen matrix as the main component 
is the most effective.92, 129 Patches designs are essential to 
assure its proper interaction with the microenvironment for 
proliferation, adhesion, differentiation, and morphology.169-172 

Summarised outcomes

Findings suggested a lack of single optimal strategy for 
restoring RC enthesis. Mechanical stimulation is necessary; its 
absence cause detrimental effects, and long-term progressive 
loading rehabilitation aids in achieving a comprehensive RC 
repair.16, 36, 37, 155, 157, 159 

Augmenting MSCs with adenoviral MT1-MMP had positive 
biomechanical outcomes in acute full tears75 (Figure 2). ADSCs 
present contradicting outcomes in acute and chronic full 
tears, and BMSCs were recorded as negative in acute.73, 77, 80, 81  
However infusing BMSCs with PRP and imbedding ADSCs 
in fibrin sealant scaffold enhance repairs.72, 78 Conversely, 
TGF-β3-supplemented ADSCs did not enhance acute full 
tear healing.80 For chronic full ones, MSCs combined with 
hyaluronic acid, BMSCs with repeated channeling, and ADSC 
sheets interposed improved outcomes.68, 69, 79 Clinical trials 
in chronic partial tears with BMSC-enhanced augmentation 
improved healing and prevented retears.70, 71

For signaling molecules, systemic PTH produced positive 
outcomes in full acute and chronic tears.87-89 Ihh with MSCs had 
positive outcomes in acute partial and full tears.29, 82, 83 BMP-
12–14, basic fibroblast growth factor, COMP, connective tissue 
growth factor, PDGFB, BMP-2–7, recombinant human FGF-
18, TGF-β1, and the combination of BMP and VEGF resulted 
positively, while TGF-β3 remained ineffective in acute full 
tears.43, 105-107, 110, 113, 114, 117, 118 Inhibiting TGF-β1 was effective in 
acute full tears, and TNF inhibition was better in full acute and 
chronic tears.112, 115 Most promising outcomes were attained 
by combining TGF-β3 with a cytokine and MMP inhibitor in 
acute partial and full tears.32 
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Outcomes from scaffold-based studies are promising and 
reached clinical trials. Polypropylene augmentation patch 
resulted in good outcomes in aging models with chronic full 
tears.128 3D cell-printed tendon-bone interface construct 
revealed positive outcomes in chronic full tears contrasting 
small intestine submucosa.130-132,138 Kartogenin-loaded gelatin 
methacrylol with BMSCs, engineered constructs with 
BMSCs, and BMP-2 with polyaspartic acid and Smad/RUNX2 
improved acute full tears.93, 124, 125 DBM-based scaffold was 
not beneficial, however, augmenting it with MSCs and PRP 
in separate animal models was effective.134-136 Clinical trials 
on DBM and MSCs combination did not replicate similar 
outcomes.137 This could be attributed to the varied forms of 
scaffold materials, since animal models have shown promising 
results with strips of cancellous DBM, while clinical studies 
used sponges. Sponges can be displaced from the interface site, 
whereas strips and patches can be more securely sutured into 
the interface. 

Autologous platelet-rich fibrin clot matrix clinical studies 
were more beneficial in chronic partial than full tears.142 

ADF was safe and effective in younger and older populations 
with chronic full tears.139 While PRP is proven beneficial 
in chronic partial and full tears, it wasn’t superior to  
physiotherapy.126, 141, 144-148, 150-152 Sodium hyaluronate combined 
PRP was effective in acute and partial tears of younger 
populations.149 3D collagen I mesh augmentation in older 
populations with chronic full tears resulted in positive long-
term outcomes.129 Novel multifactorial lab-based tissue 
engineering strategies such as 3D-woven polycaprolactone 
scaffold with IL-1 inhibition on MSCs, 3D polylactide-co-
glycolide acid scaffold in cell-laden collagen hydrogel and 
ADSCs, BMSCs and PRP enhanced DBM-based scaffold had 
promising outcomes.126, 127, 133

Potential reasons for variations

Outcomes vary since there is no standardised controlled 
environment prior and after repairs. They differ in 
methodologies, animal models, and mechanical follow-
ups; some allow free mobilisation after repairs, while others 
impose treadmill walking regimens or restrict movement. 

Figure 2. Categorised literature findings: stem cells, GFs, and scaffolds vary in effect depending on the extent of the tear, 
chronicity level, population, and their combinations. Majority of studies investigated acute full tears, while less studies 
were investigating partial and full chronic tears. Very few studies considered the age of the studied population. 3D: 
three-dimensional; ADF: autologous dermal fibroblast; ADSC: adipose-derived stem cell; bFGF: basic fibroblast growth 
factor; BMP: bone morphogenetic protein; BMSC: bone marrow mesenchymal stem cell; COMP: cartilage oligomeric 
matrix protein; CTGF: connective tissue growth factor; DBM: demineralised bone matrix; GelMA: gelatin methacrylol; 
GF: growth factor; HA: hyaluronic acid; Ihh: Indian hedgehog; KGN: kartogenin; MMP: matrix metalloproteinase; 
MSC: mesenchymal stem cell; PCL: polycaprolactone; PDGFB: platelet-derived growth factor-B; PLGA: polylactide-co-
glycolide acid; PRFM: platelet-rich fibrin clot matrix; PRP: platelet-rich plasma; PTH: parathyroid hormone; SH: sodium 
hyaluronate; SIS: small intestine submucosa; TGF: transforming growth factor; TNF: tumour necrosis factor.
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It is difficult to determine if variations are due to the 
interventions, animal models, mechanical environment, or 
extent and mechanism of tears. Some studies created acute 
dissection or detachment, immediately injecting it with the 
examined substances prior to repairs. However, that does not 
represent the clinical acute and chronic mechanism of tear, as 
it does not allow time for the inflammatory process to take 
place; no blood supply restriction, enthesis degeneration, and 
fatty infiltration. Other studies subject animals to a treadmill 
regimen prior to the intervention to exhaust tendons and 
replicate overuse. Findings should be similar in both scenarios, 
to indicate that the intervention has a definitive outcome.173 
Treadmill regimen does not ideally replicate injury process 
in athletes performing sports since childhood. Professionally 
trained athletes have a lower risk of RC injury compared to 
amateurs that lack proper loading techniques, healthy balanced 
diet, sleep routine, and psychological well-being. This might 
fit amateur athletes scenario who are exposed to improper 
unconditioned loading. Additionally, small animal models 
such as rats and rodents have a far better healing capacity than 
larger animals and humans. Their measures of success should 
not be solely determined based on morphology, but also the 
timeframe and long-term effects. Surgical techniques used 
also affect the outcome of biological therapies. Introducing 
stem cells via tunnels produced superior outcomes to surface 
repairs. Additionally, biomaterial patch that covered the repair 
addressed MSCs long-term survival.174-176

Clinical outcomes are affected by patients’ occupation, 
demographics, age, gender, comorbidities, and tear mechanism 
and extent. Moreover, patient outcome measures have a degree 
of subjectivity, affected by expectations and psychosocial well-
being. 

Conclusion

To take research of tendon-bone enthesis for RC tears forward, 
there are critical factors involved in the healing of the enthesis, 
which is supported by what has been presented and rationale 
for, where without them there wouldn’t be a successful healing. 
Tissue engineering has promising outcomes in achieving the 
complex RC enthesis structure and function. Different cells and 
GFs at specific times and environmental control can maximise 
the restoration of the native enthesis. Despite the positive 
outcomes of tissue engineering strategies, progressive loading 
environment is essential for optimum healing. Although 
the effects of the discussed interventions have mostly been 
confirmed in animal experiments, the intrinsic connections 
between cells at the interface and the molecular signaling 
pathways involved in tissue repair and regeneration still need 
to be further explored in humans. Nevertheless, the limitations 
mentioned are important to be considered for future studies to 
be applied in clinical practice.

This paper described the microscopic anatomy of the healthy 
RC enthesis, its role in facilitating force transmission, and the 
biomechanical adaptations. It then discussed the structural 
changes that accompany injured RC enthesis and the factors 
influencing its healing potential. Positive outcomes in the field 
of stem cells, GFs, and scaffolds along with their challenges, 

limitations, and variety of implementation are explained. The 
results support the proposed hypothesis that interventions 
should be tailored according to the tear extent, chronicity, and 
population studied. 

Study limitations 

Inconsistencies in reported outcomes derive from variations in 
patients’ occupation, demographics, age, gender, comorbidities, 
and tear mechanism and extent. Moreover, patient reported 
outcome measures are subjective, and influenced by 
expectations and psychosocial well-being. Perspective studies 
would benefit from addressing the following: 
1. The difficulties in advancing in vivo studies to clinical 
trials and the regulatory constraints associated with utilising 
biological interventions which have proven successful in the 
former, to the latter. 
2. Biological materials availability and manufacturing in forms 
that can be utilised clinically in RC repair.
3. The potential for personalised biological intervention 
materials. 
4. Solutions for aging patients and professional athletes 
requiring 100% recovery to return to competition.
5. Influential medical, environmental, social, and psychological 
factors. 
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Introduction

Bone and cartilage are examples of tissue that are 
both capable of being distinctly and prominently 
shaped whilst being prone to injury and damage. 
Injuries and abnormalities to the bone and 
cartilage such as microtia and anotia of the ear 
and tumour removal are a prevalent problem 
facing health services.1-8 Taking anotia and 
microtia (where the ear cartilage either does not 

or only partly develops in utero) as an example, 
a global study covering the years 1988 to 2007, 
the prevalence stands at approximately 2.06 cases 
per 10,000 neonatal patients,9 and the current 
treatment of autografting a shaped costal cartilage 
graft requires several invasive surgeries and a 
risk of donor site morbidity.10 Additionally, over 
500,000 bone graft surgeries were performed 
annually in the USA.11 Current treatments for 
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There is a high demand for bespoke grafts to replace damaged or malformed 

bone and cartilage tissue. Three-dimensional (3D) printing offers a method 

of fabricating complex anatomical features of clinically relevant sizes. 

However, the construction of a scaffold to replicate the complex hierarchical 

structure of natural tissues remains challenging. This paper reports a 

novel biofabrication method that is capable of creating intricately designed 

structures of anatomically relevant dimensions. The beneficial properties of 

the electrospun fibre meshes can finally be realised in 3D rather than the 

current promising breakthroughs in two-dimensional (2D). The 3D model 

was created from commercially available computer-aided design software 

packages in order to slice the model down into many layers of slices, which 

were arrayed. These 2D slices with each layer of a defined pattern were 

laser cut, and then successfully assembled with varying thicknesses of 100 

µm or 200 µm. It is demonstrated in this study that this new biofabrication 

technique can be used to reproduce very complex computer-aided design 

models into hierarchical constructs with micro and nano resolutions, where 

the clinically relevant sizes ranging from a simple cube of 20 mm dimension, 

to a more complex, 50 mm-tall human ears were created. In-vitro cell-

contact studies were also carried out to investigate the biocompatibility of 

this hierarchal structure. The cell viability on a micromachined electrospun 

polylactic-co-glycolic acid fibre mesh slice, where a range of hole diameters 

from 200 µm to 500 µm were laser cut in an array where cell confluence 

values of at least 85% were found at three weeks. Cells were also seeded onto 

a simpler stacked construct, albeit made with micromachined poly fibre mesh, 

where cells can be found to migrate through the stack better with collagen as 

bioadhesives. This new method for biofabricating hierarchical constructs can 

be further developed for tissue repair applications such as maxillofacial bone 

injury or nose/ear cartilage replacement in the future. 
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maxillofacial bone repair require either autografting pelvic 
bone, an invasive surgery with the risk of donor site morbidity, 
or metal plate implants, which are uncomfortable, prone to 
wear or based on more costly titanium alloys.12, 13

These current treatments can be improved upon greatly using 
biomaterials and processes that are more compatible with 
native tissue and development.5, 14-16 Electrospinning, where 
fibre meshes are created by using a potential difference to draw 
a polymer from a source – such as in a solvent solution – to a 
collector, is one such technique regarded as producing a fine 
nanofiber mesh.17, 18 Both natural and synthetic polymer fibre 
meshes can be fabricated, and studies have shown that they 
have advantageous properties with regards to cell viability, 
response and differentiation due to their resemblance to 
tissue extracellular membrane (ECM).19 However, the main 
difficulty of electrospinning and bone and cartilage repair is to 
scale up the process in three-dimensional (3D) and fabricate a 
precise 3D structure with clinically relevant dimensions.20 To 
this end, melt electrowriting is one technique that combines 
electrospinning with additive manufacturing and is capable of 
producing 3D structures of fibre meshes with unprecedented 
micro and nanoscale precision. The polymer filaments are 
drawn from the molten polymer instead of a solvent dispersion, 
and directly deposited on the substrate under the action of 
electrostatic forces. Fabrication thickness is still limited to 
achieve any clinically relevant sizes due to the deteriorated 
electrical field for thicker constructs.21-24

The technique of 3D bioprinting, on the other hand, offers 
a means of fabricating bespoke, clinically relevant sized, 
hierarchal structures.25-30 This technique involves the use of 
cells and a specifically designed biomaterial scaffold to fabricate 
a 3D hierarchal graft, which can be scaled to clinically relevant 
sizes according to a patient’s specific anatomical structure.31, 32 
However, the main challenge of 3D bioprinting is the ability 
to print the scalable sizes that can be self-supportive whilst 
using materials that resemble the ECM. Currently, it is difficult 
to achieve a 3D bioprinted structure having both adequate 
biological and mechanical function.33

In an attempt to overcome these problems, electrospun 
fibre meshes have been proposed.34-36 One recent approach 
involves stacking two-dimensional (2D) layers of electrospun 
mesh and 3D printed discs on top of each other to make a 
3D shape.37 While the methodology implemented in these 
studies has shown promising results in vitro, there is scope 
for improvements to be made in order to biofabricate patient 
specific constructs at scale and having clinically relevant 
dimensions.

To date, there it has been challenging to mimic faithfully 
the 3D hierarchical structures that make up complex human 
tissue.38 Any novel fabrication method must take into account 

the macro scale to match the clinically relevant size of the tissue 
being replaced, the microscale precision for the anatomic shape 
and to allow cell migration and accurate ECM formation, and 
nanoscale precision for the morphological resemblance to 
ECM to maximise native cell viability and performance.39, 40

In this paper, we report a novel method for 3D biofabricate 
tissue scaffolds with microscale precision from nanofibrous 
materials. The method involves stacking 2D nanofibre meshes 
that have been laser cut into distinct cross-sectional shapes in 
a prescribed sequence, the position and orientation of each 
slice being specified to achieve an accurate representation of 
the anatomical feature. The stacked nanofibrous meshes alone 
would not allow cell migration through each slice, something 
that would be an issue for the potential success of any graft 
where cells are required to be uniformly dispersed, due to the 
lack of microporosity within the nanofiber meshes; this also 
hinders nutrient diffusion to cells within the construct and the 
potential for vascularisation, vital for ensuring cell survival 
and thus the success of the graft. Using a nanosecond laser 
cutter to micromachine arrays of circular voids of different 
diameters into fibre meshes have already been shown to 
support cell growth and proliferation.41, 42 Equally important 
is the length scale and interconnectivity of the voids, to ensure 
that cells are uniformly dispersed through the structure at the 
time of seeding, and that once attached those cells are able 
to proliferate throughout the structure and deposit ECM, 
thereby consolidating the tissue scaffold and ensuring effective 
engraftment to the surrounding host tissue.43 Using this novel 
method various designs were successfully fabricated with good 
accuracy and with application relevant sizes and cosmetics, 
ranging from some simple shapes up to realistic, anatomically 
relevant body parts such as a human ear. 

The aim of the present study is to explore further the potential 
of micromachining techniques to optimise the microporosity 
and performance of such 3D constructs in vitro.

Methods

Scaffold fabrication

The polycaprolactone (PCL) nanofiber mesh from which 
the cell scaffolds were fabricated was produced in sheet form 
using a bespoke electrospinning apparatus at the University of 
Strathclyde.44 PCL pellets (molecular weight = 80,000; Sigma-
Aldrich, Gillingham, UK) were dissolved in a 9:1 mixture of 
acetone and dimethyl formamide (DMF; both from Sigma-
Aldrich) to a final concentration of 17 wt%. The polymer 
dispersion was delivered from a 5 mL syringe (Sigma-Aldrich) 
fitted with a 20G gauge needle (Vicson, UK) at a flow rate of 
2 mL/h. The electrostatic potential was set at –15 kV. The 
polylactic-co-glycolic acid (PLGA) nanofibre mesh was kindly 
donated by The Electrospinning Company Ltd. (Oxfordshire, 
UK).

*Corresponding author: Wenmiao Shu, will.shu@strath.ac.uk.
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Design and three-dimensional construction of scaffold

In order to ensure an accurate 3D reconstruction, stacking 
method was devised to facilitate the layer-by-layer assembly of 
each slice in the correct sequence. This method can be described 
as using a square, acrylic base with four tall steel pins in each 
corner, each 3 mm in diameter, to guide the alignment of each 
slice (a sheet that has been cut using a CO2 laser, a square that is 
the same dimensions as the base, and with a 3 mm hole in each 
corner orientated exactly in line with the pins). In this way, 
having successfully positioned the individual sections, one on 
top of the other, the full 3D reconstruction may be realised.

A computer model of the desired shape (for the purpose of 
proving the concept of a cube, a hemisphere, a pyramid and 
an ear, all of varying sizes) was constructed in computer aided 
design (CAD) software (Inventor® Version 2018, Autodesk, 
Dublin, Ireland), to which four 3 mm cylinders (corresponding 
to the pins) and an enclosure (corresponding to the base) were 
added. A 1-mm thick support structure was added to locate the 
shape of the surrounding enclosure. A rendered view of the 
final 3D model is shown in Figure 1A. This model was saved 
as a stereolithography (stl) file and opened in Slicer (Version 
1.3.0 GNU Affero), a slicing software often utilised for 3D 
printing (additive manufacturing). Thereafter, the file was 
exported in the open standard scalable vector graphic (svg) file 
format, in which the layer thickness is specified by the user 
and the model is sliced horizontally into layers, each having 
this well-defined thickness. The model was then imported into 
Inkscape (version 0.92 GNU General Public Licence), in which 
the model was further processed to yield an array of slices 
having the appropriate dimensions (a sample of an ‘ungrouped’ 
and arrayed svg is shown in Figure 1B). Each slice was then 
numbered (to help with the construction process later) and 
saved as a drawing exchange format (dxf) file for laser cutting 
by a TMX65 50 W CO2 laser (CTR Lasers, Northampton, UK). 
Figure 1C shows an example of the electrospun polymer sheet 
after processing by the laser, complete with 3-mm diameter 
alignment holes at each corner, while Figure 1D shows an 
example of the layers from which the part is to be constructed.

In order to ensure an accurate 3D reconstruction of the laser 
cut-outs, a stacking method was devised to facilitate the layer-
by-layer assembly of each slice in the correct sequence on a 
custom-made jig. The jig was fabricated in acrylic from a block 
55 mm × 55 mm in size and fitted with four stainless steel 
pins, each 3 mm in diameter (Figure 1E). In this way, having 
successfully positioned the individual sections, one on top 
of the other, the full, 3D reconstruction of the desired shape 
could be realised.

For the purpose of demonstrating the technique, two grades 
of filter paper (Cat 50 and Cat 40, respectively; GE Whatman, 
Buckinghamshire, UK) were used. The former had a nominal 
thickness of 100 μm and the latter 200 μm. 

Once the shapes had been cut out of the material by the laser, 
they were assembled as described above and bound together 
with a 4% aqueous solution of sodium alginate (Sigma-Aldrich). 
In Figure 1E, step 1, the correctly numbered laser cut slice is 
slotted onto the alignment base. Step 2 shows the application 
of the alginate via a needle and syringe (alternatively, the 
solution was dispensed from a bioprinting nozzle). In step 3 

the corresponding construct slice is adhered to the preceding 
construct slice in the correct position and orientation as 
dictated by the alignment slice. Steps 4 and 5 show how the 
process repeats itself until all the slices have been laid onto 
the structure. Thereafter, the 3D construct was immersed in a 
calcium chloride solution (100 mM) to cross-link the alginate 
and strengthen the structure. Finally, the alignment slices were 
removed carefully from the alignment base, leaving only the 
desired structure standing on the base. In a further experiment, 
above steps were repeated with collagen instead of alginate 
in step 2 of Figure 1E and thermally cross-linking in a 37°C 
incubator for 1 hour. 

Morphological analysis of the polycaprolactone 

nanofibre mesh

A scanning electron microscope (SEM) image was taken of a 
typical PCL electrospun fibre mesh using a Hitachi TM-1000 
Desktop SEM Machine (Chiyoda, Japan). From this image, the 
diameters of ten random fibres were measured using ImageJ 
(version 1.53e; National Institutes of Health, Bethesda, MD, 
USA), and an average was taken. Ten randomly selected pores 
were then measured (also with ImageJ) for their area and the 
length at their narrowest point. This is to determine if there is 
a possibility for cell mobility through the nanofiber mesh.

In vitro studies

Cell-contact studies: cell viability

Murine adipose derived stem cells (ADSCs) were kindly 
donated by researchers at the University of Glasgow, UK. Cells 
were cultured using minimal essential media (MEM; Gibco, 
Thermofisher Scientific, Inchinnan, UK) containing 10% fetal 
bovine serum (Gibco, Thermofisher Scientific) and and 1% 
penicillin/streptomycin (Corning, Thermofisher Scientific), 
in an incubator set at 37°C and 5% CO2 atmosphere.

Micromachined two-dimensional slice

An in-vitro cell-contact study was performed on individual 
micromachined PLGA sheets in order to understand whether 
the application of an appropriate cell type, in this case, ADSCs, 
which have the potential to differentiate into osteoblasts after 
they have become attached to and proliferated on such a 2D 
construct. Here, a V2-1-100-20-20 nanosecond laser (IPG 
Photonics, Coventry, UK) was used to cut an array of holes 
of varying sizes in the range 200, 300, 400, and 500 µm. The 
diameter of the holes that were made in the PLGA sheets was 
verified by direct measurement using a Brunel SP50 light 
microscope (Chippenham, UK). ImageJ was used to measure 
the average diameter of each hole sampled by taking three 
measurements for each hole and taking an average. Three 
holes for each sample were then measured and the average 
hole diameter for that array was calculated. 

The samples were sterilised in a 70% ethanol solution for 1 hour, 
and washed three times with phosphate buffered saline (Gibco, 
Thermofisher Scientific), after which 200,000 ADSCs were 
seeded onto each array. For live/dead staining, the samples were 
stained with fluorescein and propidium iodide at day 21 to assess 
cell growth and viability, and then viewed under an inverted 
epifluorescent microscope (Nikon Eclipse TE300 Epifluorescent 
inverted microscope, Minato city, Tokyo, Japan). 
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Prior to this, a 7-day cytotoxicity study was performed using 
the same number of ADSCs on a 500 µm micromachined 
PLGA mesh. This sample was stained with fluorescein and 
propidium iodide and imaged using a Zoe Microscope (Bio-
Rad, Hertfordshire, UK).

Micromachined three-dimensional construct

A direct cell-contact study was also conducted in order to 
determine the cell viability, migration and proliferation 
throughout a structure according to the methods detailed as 
above. The cells used in this experiment were ADSCs. The 
structures in this case are to be far simpler than those made 
with the paper, with a micromachined electrospun PCL fibre 
mesh to be used instead and will be a short cylinder using 
three stacked 14 mm diameter discs. This is so that they can 
fit neatly into a 24-well plate well. Before assembly the discs 

were micromachined using the nanosecond laser, to produce 
circular voids 500 µm in diameter, with a 1 mm pitch. This 
void size, which is comparable to that of cancellous bone, has 
been found previously in this study (Section ‘Morphological 
assessment of micromachined fibre meshes’) to promote 
good cell viability. The average pore diameter was calculated 
by taking three diameter measurements and calculating the 
average, to be compared with the intended diameter of 500 µm.

The discs were sterilised using a solution of 70% ethanol, dried 
sufficiently and washed three times with PBS. Each structure 
was made using three discs, adhered together using 4% sodium 
alginate crosslinked by calcium chloride, then placed in a 24-
well plate well. They were stacked (and this is consistent with 
all experimentation in the same manner) randomly on top of 
each other. ADSCs were then seeded onto the structure at a 
density of 1 × 106, then submerged in culture media.

A

C

B

D

E

STEP 1 STEP 2 STEP 3 STEP 4 STEP 5

Figure 1. Design and assembly process for fabricating a 3D construct. (A) CAD model with 3D construction and 
surrounding box and cylinders. (B) Section of the array in InkScape showing different 2D slice shapes used to construct 
the pyramid. (C) Laser cut alignment slices with an appropriate number designating order. (D) Shape slices on the 
bulk material to be cross-referenced with alignment slice and placed accordingly on the construct. (E) Schematic of 
the steps involved in the assembly process, where accurate 3D reconstructions can be created from the 2D slices: Step 
1 – placement of alignment slice 29 on the rig using the four holes; Step 2 – Deposition of a couple of drops of alginate 
solution using a syringe; Steps 3 and 4 – placement of the appropriate shape slice corresponding with alignment slice 29; 
Step 5 – starting the process again with alignment slice 28. This process continues until all slices are placed. 2D: two-
dimensional; 3D: three-dimensional; CAD: computer-aided design. Created with Inventor® Vension 2018.
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The discs were stained with fluorescein and propidium iodide 
at two time points (1 and 7 days; n = 2) to assess cell growth 
and viability. In order to test the perfusion of the cells each 
of the layers were delaminated and viewed under an inverted 
epifluorescent microscope.

The above methodology was repeated using collagen as the 
binding agent instead of alginate. Type 1 collagen (rat tail, , 
3 mg/mL, Sigma-Aldrich) was prepared of which 0.5 mL was 
used to prepare each stack, comprising three layers, which 
were left for 1 hour in an incubator to gel (cross link). The cells 
were seeded at a density of 3 × 106 cells per sample stack. Cell 
viability was assessed at days 1 and 4 (n = 2). 

Results

Construction of three-dimensional demonstrators

Using the method, 3D constructs of the following shapes 

were created: a simple cube, with dimensions 20 mm in each 
direction (Figure 2A); a pyramid made from 77 slices with 
a 20 mm square base and 21.6 mm tall (Figure 2B); and a 
hemisphere 15 mm in diameter (Figure 2C). The latter shape 
was fabricated in different sizes to verify the dimensional 
accuracy of the construction process and with a view to 
producing more complex anatomic structures, in this case, a 
life size model of the human ear (Figure 2D). 

Finally, a life-sized model of the human ear was fabricated 
(approximately 50 mm in height) but the paper used was 100 
µm, half the thickness of the layer height of the previous ears 
and shapes constructed. The intention of using thinner layers 
of paper was to produce a smoother structure, where smaller 
features can be more pronounced and accurately represented. 
The result reflected the intention behind this move, where the 
ear looks better and is shown in Figure 2E. 

A B C

D E

Figure 2. Examples of 3D demonstrators assembled according to the novel fabrication method. (A) Camera image of 
a pyramid. (B) Camera image of a successfully printed cube. (C) Camera image of a successfully printed hemisphere. 
(D) Three scale models of a human ear (200 µm slices) of three different sizes. (E) The corresponding ear with greater 
resolution (100 µm slices), which has excellent fidelity for anatomical size and accurately replicates the complex features 
of the human ear. Scale bars: 10 mm (A–C, E), 50 mm (D).

Morphological assessment of micromachined fibre 

meshes

Figure 3 shows the SEM image of a PCL electrospun nanofibre 
mesh that would be used in coming studies. The clear nanofibre 
formation shows the effectiveness of the electrospinning 
process. The average fibre diameter was measured to be 1.801 
± 0.411 μm. The average pore area was found to be 28.612 
± 10.07 μm2, where their corresponding ‘narrowest pore 
diameter’ is 4.542 ± 1.159 μm. 

The first micromachining test and the cytotoxicity test showed 
excellent results. The micromachined hole is close to a circle 
in shape and the hole is cut completely through the mesh, thus 
showing the necessity of using the nanosecond laser (Figure 

4A). The live/dead stain shows excellent cell viability on this 
micromachined mesh (Figure 4B).

Figure 4C–F shows the light microscope images of the PLGA 

nanofibre meshes post-micromachining, in order from 200 to 
500 µm hole diameters respectively. The holes imaged have 
good circularity and the difference in diameter can be seen 
visually when comparing these images. Figure 4G–J shows 
the live/dead staining images of the micromachined mesh 
with the varying hole sizes at the time-point week 3, with alive 
ADSCs shown as green. All samples have good cell viability, 
with plenty of green cells and almost no dead cells to be seen. 

Viability of cells seeded in polycaprolactone and 

polylactic-co-glycolic acid three-dimensional scaffolds

Figure 4K–M shows the light microscope images of an array 
of perforations on three different samples of PCL electrospun 
mesh material, while Figure 5 details the diameter of each 
hole. The stack samples for the in vitro experiment were 
created successfully as per the methodology, and the cells were 
seeded on the top of each stack. 
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Figure 6 shows the live/dead images obtained on the slices from 
the alginate and the collagen stacks constructed. At two time 
points (days 1 and 7) slices 1, 2 and 3 on the alginate stacks are 
being compared with slices 1, 2 and 3 from the collagen stacks. 
It can be seen from the alginate stacks (Figure 6A–F) that there 
are surviving cells on the top slices at each time point (Figure 

6A for day 1 and Figure 6D for day 7), but that there are no live 
cells on slices 2 and 3 even after 14 days. The opposite however 
can be said of the collagen stacks of which the live/dead images 
are shown in Figure 6G–L), where even after 1 day live cells 

can be seen on the lower stacks (Figure 6I).

This confirms the hypothesis that the alginate does not aid in 
cell migration whereas the collagen does. Therefore, it can be 
said that the collagen provides a better biological response to the 
alginate as an adhesive. Cell counting analysis, which quantifies 
the data from Figure 6 by showing the live number of cells on 
each slice by using ImageJ software, also reinforces this data. It 
can be seen that the number of cells on the lower slices on the 
alginate stacks (blue columns) is far fewer than those on the 
collagen stacks (red columns), regardless of the time point.

Figure 3. Desktop scanning electron microscope image of an electrospun polycaprolactone nanofibre mesh to be 
micromachined and used in in vitro testing. An average nanofibre diameter was 1.801 µm (n = 10) was found. Scale bars: 
50 μm.

A B

C ED F

G IH J

K ML

Figure 4. Morphological assessment of the perforated micromachined fibre mesh. (A, B) First cytotoxicity test of the 
500 µm micromachined PLGA mesh. (A) Light Microscopy image of the micromachined array showing good circularity. 
(B) Live/dead image showing excellent cell viability and the holes clearly defined. (C–F) Light microscopy images of 
the 200 (C), 300 (D), 400 (E), and 500 (F) µm hole arrays, which show good circularity and even distribution. (G–J) 
Epifluorescent microscope images of live ADSCs on the micromachined fibre mesh with 200 (G), 300 (H), 400 (I), and 
500 (J) µm hole arrays, with excellent cell viability seen across all samples, and ‘bridging’ of cells across. (K–M) Light 
microscope images of three selected micromachined electrospun PCL fibre mesh samples, all micromachined with the 
same setting but with minor variances as a result of the non-uniform thickness of the PCL nanofibre mesh. Scale bars: 
500 μm. PCL: polycaprolactone; PLGA: polylactic-co-glycolic acid.

50 μm
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Figure 5. The average diameter of the micromachined perforations in the electrospun fibre mesh samples. (A) The 
actual average hole diameter of each array (n = 3 holes) compared to the intended hole diameter of the PLGA samples, 
where the average diameter can be seen to be close to the intended diameter and a clear difference between each sample 
type seen. (B) The average diameter of each hole (n = 3 holes) in three representative micromachined electrospun PCL 
fibre mesh samples, with a wider variance of values around the intended 500 µm hole diameter due to using the same 
laser settings on the non-uniform thickness of the PCL nanofibre mesh. 3D: three-dimensional; PCL: polycaprolactone; 
PLGA: polylactic-co-glycolic acid.

Discussion

Construction of three-dimensional demonstrators

One of the first issues was that (apart from the cube which has 
the same cross section throughout the structure) it is difficult 
to ensure that the construct slice is placed with the correct 
alignment slice. The way this issue was resolved by adding 
a thin connection on the CAD model between the intended 
construct and the outside alignment (Figure 1A). This is then 
seen as a thin connection between the construct slice to the 
extraneous parts of the paper sheet (as shown in Figure 1D). 
This can be identified as associating with the correct numbered 
alignment slice which has been completely cut away (Figure 

1C). The removal of the alignment slices from the construct 
upon completion of the stacking process45 was performed 

carefully in order to prevent delamination and construct 
deterioration. 

It was expected that the process of using crosslinked alginate 
would swell the construct in the z direction, so that the actual 
height of the construct would be different from that of the 
expected height (the number of slices multiplied by the height 
of each slice).46 Table 1 shows the ratio between the expected 
height and the actual height for the cube, the pyramid and the 
hemisphere. If an average of the three ratios are taken (found 
to be 1.38) then the number of slices of future slices can be 
adjusted to ensure that the height is accurate to that of the CAD 
model and not swelled due to the alginate. This adjustment was 
implemented when using a slicer (sliced to svg using 276 µm 
layer height instead of 200 µm for example).

Table 1. Actual versus the predicted height of the cube, pyramid and hemisphere, along with the ratio of the  

discrepancy

Shape Expected height (mm) Actual height (mm) Ratio

Cube 18.00 24.77 1.376

Hemisphere 12.60 16.87 1.350

Pyramid 15.40 21.62 1.404

Note: These values are fairly close together, and so can be used to determine that a swelling coefficient of 1.38 should be used for future 
prints to ensure accurate z-axis fidelity.
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The next stage was to create a structure that is geometrically 
more complex, and to demonstrate the applicability of 
manufacturing technique for the purpose of creating scaffolds 
for use in maxillofacial and other surgical cosmesis procedures. 
At first, an ear with a height of approximately 50 mm was 
created successfully, with the different complex features of the 
ear prominent and clear. The next ear to be made was smaller 
at 28 mm tall, more akin to the size of a neonatal ear, and a 
third ear with a height of 38 mm was also constructed, both 
made using 0.2 mm thick paper slice. These demonstrators 
are shown in Figure 2D. One of the new challenges that came 
with fabricating the ear shape was that of the introduction of 
2 different construct slices within one alignment slice, and the 
potential for loose sections that would be lost during the cutting 
process or wrongly attached to the structure. This was solved 
by adding more webs during the CAD process. The other new 
challenge comes from the fact that the cross-sectional area 
of ascending pieces increases in some parts of the construct. 
This increases the likelihood of unwanted adherence between 
the construct and the alignment slices, and also increases the 

likelihood of delamination when removing the alignment 
slices. This challenge can only be overcome by careful removal 
and, like before, better targeting of the application of alginate.

Using the thinner filter paper had the effect of reducing the 
layer height, a common method of increasing the resolution 
of a printed model. The ear in Figure 2E utilises filter paper 
that is half the thickness of the previous models. This has 
the effect of smoothing out the complex features of the ear. 
This has the drawback of doubling the length of time taken 
to fabricate the construct, which would have to be considered 
when this method is used to biomanufacture cell-laden scaffold 
constructs.

Morphological assessment of micromachined fibre 

meshes

From the SEM image of the electrospun nanofibre mesh, the 
average nanofibre diameter was found to be 1.801 µm. One 
study found that undifferentiated murine ADSCs have a 
diameter of 14.9 µm.47 Firstly, this is three times larger than 

Figure 6. Live/dead staining of ADSCs on the alginate and collagen stacks. (A–F) Inverted epifluorescent microscope 
images after live/dead staining of ADSCs on the alginate stacks. (A) Slice 1 (top slice) showing some good cell viability 
on day 1. (B) Slice 2 (middle slice) showing very limited cell presence indicating no cell mobility through the construct 
on day 1. (C) Slice 3 (bottom slice) showing no cells and thus no mobility through the cross-linked alginate on day 3. (D) 
Slice 1 (top slice) showing good cell viability with some stain intake by the alginate on day 7. (E) Slice 2 (middle slice) 
showing limited cell viability and thus mobility on day 7. (F) Slice 3 (bottom slice) showing no cell viability and thus no 
mobility through the alginate even on day 7. (G–L) inverted epifluorescent microscope images after live/dead staining 
of ADSCs on the collagen stacks. (G) Slice 1 (top slice) showing good cell viability on day 1. (H) Slice 2 (middle slice) 
showing good cell viability and therefore cells must be able to travel through on day 1. (I) Slice 3 (bottom slice) showing 
good cell viability and thus demonstrating the mobility of cells through the collagen and the micromachined fibre mesh 
even after 1 day. (J) Slice 1 (top slice) showing good cell viability on day 4. (K) Slice 2 (middle slice) showing good cell 
viability and therefore cells must be able to travel through on day 4. (L) Slice 3 (bottom slice) showing good cell viability 
and thus demonstrating the mobility of cells through the collagen and the micromachined fibre mesh on day 4. Scale 
bars: 500 μm. ADSC: adipose derived stem cell.
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the average ‘narrowest pore diameter’ within the nanofibre 
mesh, indicating a need for micromachining to fulfill the desire 
for cell mobility through the mesh (and thus the construct). 
Secondly, it has been shown in literature that a mesh of 
nanofibres with a diameter smaller than the size of the cell 
has beneficial properties with respect to cell attachment and 
thus viability.48 The diameter of the nanofibres is considerably 
smaller than the cells used, and such cell viability should be 
preserved.

It can be found in the literature that the process of 
micromachining holes into a fibre mesh can enhance the cell 
viability of the mesh.41, 42 It is important in tissue engineering 
to have the construct mimic certain properties that are 
found in natural tissue ECM. Nanofiber meshes have good 
nanoporosity but further alterations are required in order 
to make it a more suitable mimic to that of bone ECM, for 
example. Micromachining is one such method used to achieve 
a better microporous representation, and as such improve the 
cell response within the scaffold.

Figure 4A–D clearly shows that the morphology of the 
micromachined holes created is uniformly rounded in shape, 
indicating a clean cut through from the nanosecond laser. This 
justifies the use of a nanosecond laser which ablates the polymer 
mesh through evaporation.49 Analysis of the hole diameter also 
shows that the settings of the laser can be controlled in such 
a way as to accurately achieve the intended hole diameter. 
Figure 5A plots the actual average hole diameter against the 
intended diameter. It can be seen that the standard deviation 
(i.e. how round the hole is) increases as the hole diameter 
increases, suggesting that the round morphology is harder to 
control with the higher energies required to machine such a 
hole size. 

It can be seen that the cells are surviving well on the array even 
well into the three-week time frame, and when left long enough 
the cells will attempt to ‘bridge’ even very large holes; by week 
3 most 500 µm holes have been closed by the cells. Even with 
the large area of the holes which would account for dead space 
the confluence values are all calculated to be above 85%. This 
effect has promise for potential cell growth within these holes 
and vascularisation within the scaffold, a process that is vital 
for its success in the application of tissue engineering.

Viability of cells seeded in polycaprolactone and 

polylactic-co-glycolic acid three-dimensional scaffolds

It can be seen from Figures 4I–K and 5B that the hole size is 
more difficult to control in the PCL electrospun fibre meshes 
used compared to the PLGA fibre meshes. This could be a 
result of the PCL fibre mesh having a more non-uniform 
thickness than the PLGA fibre mesh, meaning that the same 
parameters used for the micromachining process would 
produce inconsistent holes.

Comparing the two different adhesive types (alginate and 
collagen) showed that the stacks with cross linked alginate were 
less prone to delamination, especially surviving over longer cell 
culture conditions. The collagen samples, even though left for 
a sufficient time to thermally cross-link, were far more likely 
to break up and delaminate if not treated carefully. All samples 

maintained their shape by the end of the test.

As such, it can be said that the alginate adhesive provides better 
mechanical properties than the collagen adhesive, something 
to consider when potentially extrapolating this technique into 
the application of a bone graft. 

It was initially hypothesised that the alginate would provide a 
barrier to any cell migration from the top of the stack through 
to the bottom due to its bioinert and dense properties (one 
reason why alginate is favoured in encapsulation applications 
for example50). Collagen however, with its bioactive properties 
was hypothesised to aid in cell migration through the stack. It 
was also hoped that the micromachined mesh would also aid 
cell migration.

The biofabricated construct is designed to be biomimetic 
whereby the 3D hierarchal structure found in natural human 
tissue such as bone and cartilage can be fabricated using this 
new approach. At a macro level, the biofabrication method 
is capable of creating anatomically accurate ear constructs of 
clinically relevant size. At the micro level, micromachining 
is implemented to enhance the microporosity properties to 
both aid cell migration through the construct and also help to 
replicate the natural porosity of bone ECM. At the nano level, 
the electrospun fibre mesh has already been shown to aid cell 
viability and proliferation due to its natural resemblance to 
natural tissue ECM. 

Any cartilage or bone graft that would be utilised would have to 
be both mechanically and biologically sound, and biofabrication 
has a key role to play in the final implementation of such a 
successful, bespoke tissue engineered graft. The innovative 
biofabricated construct that is created utilises a wide range of 
techniques including electrospun nanofiber mesh, which is 
micromachined prior to assembly in a novel 3D fabrication 
method. This hierarchal construct can be described as having 
the potential to be both cosmetically accurate and induce a 
positive biological response. Different adhesives and cross-
linking methods can be investigated to try to marry these two 
concepts. It is also important to broaden the cell types used 
and properly characterise the structures, something that will 
be achieved in future work.

Conclusion

This study has brought forth a novel and innovative way of 
fabricating a 3D hierarchical scaffold graft with good macro, 
micro and nanoscale precision, whilst also being able to 
utilise materials that have already shown promise within this 
application at the 2D level. At the macro level, the method 
of stacking 2D sheets of fibre mesh allows for bespoke grafts 
of clinically relevant sizes to be made, which would be of 
biocompatible and aesthetical benefit to any individual patient. 
At the micro level, it was found that the implementation of 
micromachined laser cut holes into each 2D slice provided an 
additional benefit to the graft by allowing for cell migration 
through the structure, by improving the microporosity of the 
fibre meshes. A replication of the nano level of the hierarchical 
structure was achieved by utilising nanofibre polymer meshes 
which have a similar morphology to the ECM of natural 
tissue. This study has also provided an insight into the role 
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of the adhesive used. Unsurprisingly, collagen proved to have 
better cell attachment, viability and migration however the 
stacks for which alginate was used as the binder provided 
better mechanical properties where delamination and adhesive 
degradation were less likely. 

Further investigation is required into optimising the adhesive 
used so that it can be both mechanically and biologically 
suitable. The current adhesives used in this study both require 
optimisation in this regard. The capacity to involve better 
techniques of cell distribution using 3D bioprinting, the 
potential for the introduction of automation, as well as the 
wide range of model designs that can be achieved using such a 
fabrication method (to expand on the range of applications such 
as maxillofacial bone injury or nose/ear cartilage replacement) 
only adds to the promise.
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Introduction

Three-dimensional (3D) bioprinting is one 
of the most attractive advancing techniques 
that allow the construction of bio-scaffolds 
with complex architectures.1 Smart design of 
bioinks and bioprinting process can achieve 
precisely controlled deposition of heterogeneous 
components, including cells and functional 
biomaterials, for versatile applications in 
tissue engineering and regenerative medicine.2 
Among the extensively developed bioprinting 

techniques, extrusion-based bioprinting is 
the most commonly used modality, in which 
pre-designed structures are obtained after 
continuous extrusion of bioinks through small 
nozzles.3 To ensure good printability and 
structural fidelity, various bioinks have been 
developed for extrusion-based bioprinting, and 
most of them are hydrogels,4 such as gelatin 
methacryloyl (GelMA),5 poly(ethylene glycol) 
diacrylate,6 collagen,7 and alginate.8 Nowadays, 
GelMA is the most frequently used hydrogel, 
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The printability of bioink and post-printing cell viability is crucial for 

extrusion-based bioprinting. A proper bioink not only provides mechanical 

support for structural fidelity, but also serves as suitable three-dimensional 

(3D) microenvironment for cell encapsulation and protection. In this 

study, a hydrogel-based composite bioink was developed consisting of 

gelatin methacryloyl (GelMA) as the continuous phase and decellularised 

extracellular matrix microgels (DMs) as the discrete phase. A flow-focusing 

microfluidic system was employed for the fabrication of cell-laden DMs in a 

high-throughput manner. After gentle mixing of the DMs and GelMA, both 

rheological characterisations and 3D printing tests showed that the resulting 

DM-GelMA hydrogel preserved the shear-thinning nature, mechanical 

properties, and good printability from GelMA. The integration of DMs 

not only provided an extracellular matrix-like microenvironment for cell 

encapsulation, but also considerable shear-resistance for high post-printing 

cell viability. The DM sizes and inner diameters of the 3D printer needles 

were correlated and optimised for nozzle-based extrusion. Furthermore, a 

proof-of-concept bioink composedg of RSC96 Schwann cells encapsulated 

DMs and human umbilical vein endothelial cell-laden GelMA was 

successfully bioprinted into 3D constructs, resulting in a modular co-culture 

system with distinct cells/materials distribution. Overall, the modular DM-

GelMA bioink provides a springboard for future precision biofabrication and 

will serve in numerous biomedical applications such as tissue engineering 

and drug screening.
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due to its relatively high viscosity, thermo-responsibility, 
and shear-thinning property. It also enables cell-laden 
bioprinting through extrusion and light-induced post-printing 
crosslinking.9 However, whenever cells were directly mixed 
with viscous pre-gel solutions (not just GelMA or GelMA-
based composites) to form bioinks, large shear stresses are 
inevitably induced during bioink extrusion through the 
narrow needles (nozzles). Large amounts of encapsulated cells 
may suffer unrecoverable damage or even death under shear, 
resulting in a highly reduced viability.10, 11 Therefore, how to 
prepare a sort of bioinks that convey both good printability 
and well-preserved cell viability becomes one of the greatest 
challenges to the researchers in bioprinting-related fields, 
including material scientists, mechanical engineers, and even 
therapists.12

To address this issue, various forms of hydrogel-based cell 
carriers have been investigated for bioink development.13 
Among them, one of the smart designs uses micrometer-sized 
hydrogels, also termed microgels, to encapsulate cells for the 
preparation of extrusion-based bioinks.14 Compared to bulk 
hydrogels, microgels are more suitable for cell encapsulation 
and 3D culture. The large surface-to-volume ratio and high 
porosity of the microgels effectively accelerate substance 
exchange, such as nutrients and oxygen delivery.15 Besides, 
microgels encapsulating different cell types have been 
employed as building blocks in modular bioinks for establishing 
various co-culture and heterogeneous bioprinted systems. For 
example, Fang et al.16 developed a cell-laden microgel-based 
biphasic bioink that enabled the construction of heterogeneous 
scaffolds through extrusion-based bioprinting. The bioink 
basically consisted of jammed GelMA microgels that resulted 
in a large density of encapsulated cells, and the second GelMA 
network ensured the connection between microgels but 
contributed little to the mechanical support of the bioprinted 
structures. Chen et al.17 used GelMA/chitosan microspheres 
integrated modular bioink for 3D printing of composite 
scaffolds, in which the PC12 cells and RSC96 Schwann 
cells were co-cultured. Though the application of hydrogel 
microspheres was inspiring, the PC12 cells were pre-seeded 
on the GelMA/chitosan microspheres rather than embedded 
in the microgels, and axonal extension was only evident 
using the GelMA/chitosan microspheres supplemented with 
nerve growth factor. Microgels played vital roles in these two 
bioprinting processes, and so did them in many other research 
studies,18, 19 which also lead to two major concerns about the 
microgel-containing bioinks. First, in most cases, the cell 
density shall be controlled due to versatile requirements and 
the complex microgel preparation processes. Hence, the second 
polymer network outside the microgels is required to provide 
more mechanical support for better printability and structural 
fidelity. Meanwhile, for 3D encapsulation, extrusion, and 
culture, tissue-specific biomaterials are highly desired for cell 

survival and maturation within the microgels. Urged by these 
strict requirements, the choices of bioink materials are key to 
the success of extrusion-based bioprinting.

In the previous studies, the microgels mostly consisted of 
hydrogels derived from natural biomaterials, including 
GelMA,20 sodium alginate,21 chitosan,22 etc. These materials 
usually exhibit very low bioactivity and require additional 
chemical crosslinking to ensure mechanical stability. 
Decellularised extracellular matrices (dECMs) and their 
derivative hydrogels have shown their outstanding 
biocompatibility, processibility, and tissue-specific bioactivity, 
as reported in our previous studies and many others.23 The 
dECMs are mostly derived from human or other mammal 
tissues, which preserve various structural and functional 
extracellular matrix (ECM) components, such as collagen, 
fibronectin, laminin, proteoglycans, glycoproteins, and 
growth factors from the native tissues. Hydrogels derived from 
the dECMs have been frequently used for cell encapsulation, 
culture, and transplantation, due to their tuneable rheological 
properties, ECM-like ultrastructure, and bioactive ECM 
components.24 Furthermore, we have previously developed a 
temperature-controlled microfluidic system for the fabrication 
of dECM microspheres, which were free of chemical- or photo-
crosslinking.25 The ECM components effectively promoted 
the adhesion and proliferation of nerve cells cultured on the 
surface of the dECM microspheres. 

On the other hand, dECM-containing bioinks have been 
extensively developed to endow biological functionalities into 
bioprinted scaffolds.26 The simplest way to prepare the bioink 
was to directly blend cells, GelMA, and dECM pre-gel solution 
together.27 However, the contrary temperature-sensitive 
rheological properties of GelMA and dECM hydrogel (GelMA 
gels at ~4°C before secondary photocrosslinking, and dECM 
hydrogel forms at ~37°C) often lead to severe phase separation 
and low structural fidelity after extrusion-based bioprinting. 
Additionally, the dECMs were pulverised into powder and 
employed as additives in bioinks.28 Despite their improved 
mechanical and biological properties, the dECM powder often 
aggregates considerably and causes nozzle clogging during 
bioink extrusion. Taking all these experiences into account, we 
believe that the preformed cell-encapsulated dECM microgels 
(DMs) hold great promise in the preparation of functional 
modular bioinks for extrusion-based 3D bioprinting.

Herein, we report a sort of extrusion-based modular 
bioinks that consisted of two major parts: GelMA served 
as the continuous phase to provide good printability and 
structural fidelity, meanwhile, the prepared DMs served 
as the discrete phase that recapitalised favorable ECM-like 
microenvironments for the encapsulated cells (Figure 1). First, 
a cell-friendly microfluidic-based approach was developed for 

* Corresponding authors: Daping Quan, cesqdp@mail.sysu.edu.cn; Ying Bai, baiy28@mail.sysu.edu.cn.
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the continuous preparation of cell-laden DMs. Then, the DM-
GelMA composite bioink was employed for extrusion-based 
3D bioprinting. The diameters of the microgels and extrusion 
nozzles were correlated and optimised for better bioprinting 
conditions. Cell viability tests were carried out on the modular 
DM-bioinks with different building blocks, i.e., the cells were 

pre-encapsulated either in the DMs or in GelMA, respectively. 
Finally, as a proof-of-concept, a modular bioink consisting of 
human umbilical vein endothelial cells (HUVECs) containing 
GelMA and RSC96 Schwann cell-loaded DMs was extruded 
into 3D constructs, the feasibility of this bioprinted co-culture 
system was verified. 

Figure 1. Schematic diagrams illustrate the preparation of the DM-GelMA bioink for extrusion-based bioprinting. 
The upper diagram shows the preparation of dECM solution. The middle diagram shows the temperature-controlled 
flow-focusing microfluidic device to prepare cell-laden DMs. The lower diagram shows the preparation of DM-GelMA 
composite bioink and its application in extrusion-based bioprinting. Created using 3D Max 2021. dECM: decellularised 
extracellular matrix; DM: decellularised extracellular matrix microgel; GelMA: gelatin methacryloyl; HFE: HFE: hexane, 
3-ethoxy-1,1,1,2,3,4,4,5,5,6,6,6-d odecafluoro-2-(trifluoromethyl); PFO: 1H,1H,2H,2H-perfluoro-1-octanol.

Methods

Synthesis and characterisation of gelatin methacryloyl

GelMA was synthesised according to a previously described 
method with slight modifications.29 Briefly, 10 g gelatin 
(Type A, 300 bloom, Sigma-Aldrich, St. Louis, MO, USA) 
was dissolved in 100 mL phosphate-buffered saline (PBS, 
Meilunbio, Dalian, China), then agitated at 60°C to obtain 10% 
(w/v) gelatin aqueous solution. 10 mL methacrylic anhydride 
(Sigma-Aldrich) was slowly added into the gelatin solution at 
a rate of ~0.5 mL/min under stirring at 50°C. After reaction in 
the dark for 3 hours, the solution was diluted with 5× PBS and 
then dialysed in deionised water at 37°C for 5 days, water was 
replaced every 12 hours. The final product was lyophilised and 
then stored at –20°C until use. 

The resulting GelMA was examined and compared with 
gelatin using 1H NMR (AVANCE III-400 MHz, Bruker, 
Zurich, Switzerland). The samples were separately dissolved at 
~10 mg/mL in D2O, and the chemical shift of each sample was 
measured at 25°C (pulse sequence 64 times). 

Synthesis of lithium phenyl-2,4,6-

trimethylbenzoylphosphinate

The photoinitiator, lithium phenyl-2,4,6-
trimethylbenzoylphosphinate), was synthesised 
by following the protocol described.30 Briefly, 3.2 
g 2,4,6-trimethylbenzoylchloride (Sigma-Aldrich) 
was added dropwise to an equimolar amount of 3 g 
dimethylphenylphosphonate (Sigma-Aldrich) and allowed 
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reaction for 18 hours under continuous agitation at room 
temperature. 6.1 g lithium bromide (Sigma-Aldrich) was 
pre-dissolved in 150 mL 2-butanone (Guangzhou Reagent, 
Guangzhou, China), added to the mixture and then heated 
to 50°C. A solid precipitate formed and was placed at 
room temperature for 12 hours. The redundant lithium 
bromide was removed from the precipitate by washing with 
2-butanone three times. The resulting lithium phenyl-2,4,6-
trimethylbenzoylphosphinate powder was vacuum dried and 
stored in argon gas at room temperature.

Preparation of decellularised nerve matrix pre-gel 

solution

All animal experimental procedures were conducted according 
to the Affidavit of Approval of Animal Ethics and Welfare, 
which has been reviewed and approved by the Animal 
Ethics and Welfare Committee of Sun Yat-sen University 
(approval No. SYSU-IACUC-2021-B0088) in 2021. The 
decellularisation process was implemented by following a 
previously reported protocol.27 Briefly, fresh sciatic nerves 
were harvested from healthy 8-month-old Landrace pigs 
at weight ~100 kg purchased from a local slaughter house. 
The nerve tissues were cut into 5-cm-long pieces, residual 
blood and clots were rinsed off and cleaned carefully before 
decellularisation. The nerve tissues were then placed in 3.0% 
(v/v) Triton X-100 (Sigma-Aldrich) for 12 hours, rinsed 
in sterile water three times, soaked in 4.0% (w/v) sodium 
deoxycholate (Sigma-Aldrich) for 24 hours, and rinsed by 
sterile water another three times. The resulting decellularised 
nerves were lyophilised and then treated with a solvent 
mixture consisting of ethanol and dichloromethane (ethanol: 
dichloromethane = 1:2) for 24 hours to remove residual lipids. 
Finally, the decellularised tissue was washed with sterile water 
for several times, lyophilised, and pulverised using a Thomas 
Wiley Mini-Mill (Thomas Scientific, Swedesboro, NJ, USA). 
The resulting dECM powder was digested for 5 hours in 0.1 % 
(w/v) pepsin with 0.01 M HCl, before centrifugation to remove 
the undissolved particles. The mixed solution was adjusted to 
pH ~7.4 using 1 M NaOH and 0.1 M HCl solutions, and 10× 
Dulbecco’s modified Eagle medium solution was added for 
ionic balance. Finally, the dECM pre-gel solution was obtained 
and stored at 4°C until use. Before fabrication of the cell-laden 
dDMs, PC12 or RSC96 cells at density ~1 × 107 cells/mL were 
pre-suspended in the dECM pre-gel solution.

Cell culture

PC12 (lot No. 0481, RRID: CVCL_0481) and RSC96 (lot No. 
0199, RRID: CVCL_4694) cells were purchased from Procell 
Life Science & Technology Company (Wuhan, China). The 
cells were cultured in Dulbecco’s modified Eagle medium/F12 
medium (Gibco, Waltham, MA, USA) with additional 10% 
(v/v) foetal bovine serum (Gibco) and 1% (v/v) penicillin/
streptomycin (100 U/mL, Invitrogen, Carlsbad, CA, USA), 
respectively. HUVECs were purchased from Zhong Qiao 
Xin Zhou Biotechnology (Shanghai, China; DFSC-EC-01) 
and cultured using endothelial cell medium (Science Cell, 
San Diego, CA, USA) with 5% (v/v) foetal bovine serum, 1% 
(v/v) endothelial cell growth supplement (Science Cell), and 

1% (v/v) penicillin/streptomycin. All the abovementioned 
cells were incubated at 37°C with 95% humidity and 5% 
CO2 before use. The culture medium was refreshed every 3 
days. At confluence, the cells were washed with PBS twice, 
detached using 0.25% trypsin-ethylenediaminetetraacetic acid 
(Meilunbio) for 1 minute, and counted before mixing with the 
prepared bioink for encapsulation and bioprinting. To better 
locate the cells, PC12 cells were pre-labelled with Cell Tracker 
Green Fluorescent Probe (20 mM, Invitrogen).

Fabrication of cell-laden microgels

Droplet-based microfluidic devices were fabricated using a 
previously described procedure.25 Briefly, negative photoresist 
(Microchem, Westborough, MA, USA) was first spin-
coated on a clean silicon wafer. After baking at 80°C for 10 
minutes and 150°C for another 5 minutes, the photoresist 
was exposed to ultraviolet (UV) light through a photomask 
and then developed in a developer solution. A mixture of 
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, 
Midland, MI, USA) consisting of PDMS base and curing agent 
(10:1 w/w) was poured onto the silicon wafer, degassed in a 
vacuum oven, and cured on a hot plate at 70°C for 5 hours. The 
structured PDMS chip was punched through using a miniature 
hole punch to introduce two 1-mm-diameter inlet wells (“I1” 
and “I2” in Figure 2A) and a 2-mm-diameter outlet well (“O” in 
Figure 2A). The PDMS replica was peeled off and sealed with 
a glass slide using oxygen plasma (30 W, PDC-MG, MING 
HENG, Beijing, China).

All kinds of equipments used were pre-treated with an autoclave 
sterilizer or UV light (wavelength ~365 nm) for 12 hours, prior 
to microgel preparation in a biosafety cabinet. The oil phase 
solution was prepared using fluorinated carbon oil (3M HFE 
7500, Saint Paul, MN, USA). The drops were stabilised by a 
biocompatible triblock perfluorinated copolymer surfactant (0.5 
% w/v, PEG-Krytox-PEG, RAN Biotech, Beverly, MA, USA), 
and the cell-laden dECM pre-gel solution (1 × 107 cells /mL)  
was used as the aqueous phase. The oil and aqueous phase 
solutions were respectively injected into inlets I1 and I2, 
and the microfluidic chip was placed on ice to maintain the 
temperature at ~4°C. Water-in-oil droplets were formed at 
the conical head and flowed out from the outlet O, which was 
further stabilised in water bath at 37°C. After the microgels 
were collected, 20% (v/v) 1H,1H,2H,2H-perfluoro-1-octanol 
(PFO, Aladdin, Shanghai, China) was added to destabilize the 
oil-water interface, and then cell culture medium was added 
quickly to purify the microgels without centrifugation. Finally, 
the cell-laden microgels were re-suspended in culture medium. 
The sizes of the resultant microgels were determined using an 
optical microscope (Eclipse TS2, Nikon, Tokyo, Japan) and 
ImageJ software (v1.8, National Institutes of Health, Bethesda, 
MD, USA; n = 100).31 The distribution curves corresponding 
to different flow rate ratios were graphed. The coefficient of 
variation (CV, %) was calculated using the following equation, 

CV=SD/Mean × 100%                                                                  (1)

where Mean denotes the averaged diameter of the DMs, and 
SD represents the corresponding standard deviation. 
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The number of encapsulated cells in each microgel was counted 
using micrographs taken by an optical microscope (Eclipse 
TS2, Nikon) and ImageJ software (n > 300). 

Preparation of DM-GelMA composite bioink

The rinsed microgels were centrifugated at 270 G for 1 minute 
to remove extra fluids. Then an equal volume of 16% (w/v) 
GelMA and 0.6% (w/v) photoinitiator lithium phenyl-2,4,6-
trimethylbenzoylphosphinate mixture was added as the second 
phase to obtain the final concentration of GelMA at 8% (w/v). 
The microgels occupied around 50% of the total volume in 
the DM-GelMA composite bioink. The bioink was gently 
blown through a pipette gun to reach complete mixing and 
homogeneous DM dispersion. 

Rheological characterisation

Rheological measurements were performed using a Kinexus 
pro+ rheometer (Malvern Instruments Ltd., Malvern, UK) 
with a plate-plate geometry (20 mm) at 1-mm gap. Viscosity 
measurements were carried out using a shear-rate ramp at 
25°C. The rheometry test was performed in an oscillatory 
time-sweep mode with a plate-plate geometry at 0.1% strain, 1 
Hz frequency, and 1 mm gap to monitor the kinetics of photo-
induced gelation. The hydrogel precursors were first placed on 
a quartz plate, and UV light (365 nm, 5 mW/cm2) was then 

turned on 60 seconds after the geometrical measurements had 
started recording. 

Degradation properties of DM-GelMA bioink

Two bioinks, including the DM-GelMA and GelMA alone, 
were prepared into hydrogel discs with the same size, then 
immersed in PBS and subjected for aseptic degradation at 
37°C for three weeks, respectively. After the samples were 
taken out, they were washed with deionised water three times, 
lyophilised, and weighed at different time points (1, 3, 7, 14, 
and 21 days), respectively. The m0/m’ ratio was used to evaluate 
the residual mass of each sample, where m0 was the original dry 
mass, and m’ was the mass of the lyophilised hydrogel at each 
time point.

Circularity of decellularised extracellular matrix 

microgels after extrusion

After extrusion through a narrow needle, the DMs might 
have underwent obvious deformation and loss of the standard 
circular shape. The circularity (C) of an enclosed area is defined 
and calculated using the following equation, 
 
C=4πA/L

2                                                                                     (2)

where L denotes the perimeter, and A denotes the area. When 
the C value was approaching 1, the shape of the measured DM 

Figure 2. Preparation of the cell-laden DMs. (A) The design of the microfluidic device for high-throughput generation 
of microgels. Created using AutoCAD 2021. (B) Enlarged view of microfluidic chip during water-in-oil emulsification. 
(C, D) Photographs of DM collection after gelation (C) and PFO-based transfer into aqueous solution (D). (E) Live/dead 
staining showing the viability of cells encapsulated in the DMs, green: live cells, red: dead cells. (F) The diameters of the 
DMs were highly dependent on the flow rate ratio (Qoil/Qaqu) during emulsification. Data are expressed as mean ± SD. 
(G) Distribution of the DM diameters at Qoil/Qaqu = 10:1. Representative fluorescence micrographs showing the DMs 
containing the PC12 cells pre-labelled with Cell Tracker green fluorescent dye, when the DMs were dispersed in the (H) 
oil and (I) aqueous phases, respectively. (J) Fluorescence staining showed the cytoskeletal of PC12 cells encapsulated in 
the DMs, green: F-actin, blue: DAPI. The dashed lines circle out the DMs with pre-encapsulated PC12 cells. Scale bars: 
100 μm. DAPI: 4′,6-diamidino-2-phenylindole; DMs: decellularised extracellular matrix microgels; PFO: 1H,1H,2H,2H-
perfluoro-1-octanol; Qoil: the flow rate of the oil phase; Qaqu: the flow rate of the aqueous phase. 
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was closer to a circle. The polydisperse DMs were extruded 
through needles with different inner diameters. The microgels 
were pre-labelled with fluorescein isothiocyanate (FITC, 
Macklin, Shanghai, China) for visualization of the DMs and 
their morphological variations. The circularities after bioink 
extrusion were employed to evaluate the extrudability of the 
DMs. 

Printability

The estimation of bioink printability was implemented based 
on a previously reported semi-quantitative method.32 An ideal 
gelation state of a bioink results in an extruded filament that 
demonstrates a clear morphology with smooth surface, regular 
grids, and square holes in the bioprinted constructs. Here, the 
printability (Pr) of an enclosed area is defined as the following,

Pr=π/4•1/C=L
2/16A                                                                   (3)

To determine the printability, optical micrographs of the 
bioprinted constructs were captured using a microscope 
(Eclipse TS2, Nikon) and analysed using ImageJ software (n 

= 20). 

Bioprinting process

The DM-GelMA bioink was first stored in the bioink 
reservoir at 20°C for 25 minutes to allow transformation from 
an aqueous state to a pre-gel state, then extruded at pressure 
~1.1 bar and printing speed ~5 mm/s using an extrusion-
based 3D bioprinter (3D Bioplotter, EnvisionTEC, Gladbeck, 
Germany). The 10 × 10 × 1.28 mm3 sized grids were collected 
on a receiving plate at 15°C and then exposed to UV irradiation 
(365 nm, 5 mW/cm2) for 50 seconds. In some cases, microgels 
were pre-labeled with FITC for observation by a confocal 
laser fluorescence microscope (LSM710, Zeiss, Baden-
Württemberg, Germany). PC12 cell-containing DM-GelMA 
bioink and GelMA bioink were bioprinted at the same cell 
density (5 × 106 cells /mL) and printing conditions (pressure 
~1.1 bar and printing rate ~5 mm/s). Finally, the cell-laden 3D 
bioprinted constructs were transferred into a 12-well culture 
plate and incubated at 37°C with 95% humidity and 5 % CO2. 

RSC96 cells and HUVECs co-culture in the bioprinted 

scaffold

RSC96 cells and HUVECs were pre-labelled with Cell Tracker 
Green CMFDA (20 mM, Invitrogen) and Cell Tracker Orange 
CMTMR (20 mM, Invitrogen) fluorescent dyes, respectively. 
To prepare the modular bioink for bioprinting and co-culture 
of RSC96 cells and HUVECs, the RSC96-cell-encapsulated 
microgels were transferred to a low-adhesion culture flask, 
and a sufficient medium was added for suspension culture. 
These microgels were collected through centrifugation, and 
an equal volume of GelMA pre-mixed with HUVECs (2.5 × 
106 cells/mL) was added. Fluorescence images were taken on 
the 3D bioprinted scaffolds using a confocal laser microscope 
(LSM710, Zeiss).

Cell viability and proliferation assays

Cell viability within the cell-laden microgels and 3D bioprinted 

structures were examined using Calcein-AM/PI Double 
Staining Kit (Meilunbio) by following the manufacturer’s 
instructions. Briefly, after removing the culture medium, 
the samples were rinsed with PBS three times and incubated 
with 2 mM Calcein AM (live cell stain, green) and 4.5 mM 
propidium iodide (dead cell stain, red) at 37°C for 15 minutes. 
The samples were observed using a confocal laser scanning 
microscope (LSM710, Zeiss). Cell viability was calculated by 
dividing the number of live cells by the total cell number. 
After three days of culture, the cells were fixed with 4% (w/v) 
paraformaldehyde, washed with PBS, and incubated in PBS 
containing 5% (w/v) bovine serum albumin (BSA, Meilunbio) 
and 0.3% (v/v) Triton X-100 for an hour at 37°C. Then, the 
cells were incubated with Phalloidin-iFluor 488 Conjugate 
(Solarbio, Beijing, China) for an hour at 25°C and washed 
with PBS three times. The cell nuclei were stained with DAPI 
(Sigma-Aldrich).

Statistical analysis

Experiments were implemented using triplicate samples. Data 
are presented as mean ± standard deviation (SD). Statistical 
analyses including Student’s t-test and one-way analysis of 
variance, followed by Tukey’s post hoc analysis, were performed 
for two-group and multi-group comparisons, respectively. P 

values < 0.05 were considered statistically significant. Statistical 
analyses were performed using GraphPad Prism (version 9.0.0 
for Windows, GraphPad Software, San Diego, CA, USA, 
www.graphpad.com).

Results

Fabrication and characterisation of cell-laden dECM 

microgels

The cell-laden DMs were primarily fabricated using a flow-
focusing microfluidic device which was similar to our 
previously reported temperature-controlled microfluidic 
system,25 but with PC12 cells pre-encapsulated in the aqueous 
phase (the microfluidic chip is schematically illustrated in 
Figure 2A). To reach a stable water-in-oil emulsion, the cell-
laden dECM pre-gel solution continuously flowed into the 
microchannels through inlet I2. In the meantime, fluorinated 
carbon oil containing biocompatible triblock Krytox-PEG-
Krytox surfactant flowed into the microchannels through inlet 
I1. Water-in-oil droplets were generated under shear flow at 
the intersection of oil and water channels (Figure 2B, and 
Additional Video 1). The encapsulated PC12 cells were easily 
visualised within the droplets using an optical microscope 
(Figure 2B). The cell-laden droplets were collected and 
formed microgels in a water bath at 37°C through temperature-
dependent solution-gel transition. The resulting DMs were 
floating within the oil phase due to their lower density (Figure 

2C). The addition of PFO led to a quick phase separation which 
successfully transferred the microgels into the aqueous culture 
medium (Figure 2D). There was no significant difference in 
the viability of PC12 cells before and after preparation (Figure 

2D, and Additional Figure 1). It was noticed that the sizes of 
the microgels were highly dependent on the flow rate ratios 
between the oil phase (Qoil) and aqueous phase (Qaqu). The 
average diameters of the microgels were 128 ± 7, 114 ± 8, 107 
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± 8, 101 ± 5, 82 ± 6, and 77 ± 4 μm for Qoil/Qaqu = 2.5, 5, 7.5, 
10, 15, and 20, respectively (Additional Figure 2). Generally, 
a greater Qoil/Qaqu ratio resulted in smaller microgels (Figure 

2F). However, when Qaqu exceeded 1.0 mL/h, the cell-laden 
dECM pre-gel solution cannot form droplets no matter how 
large the Qoil was. On the other hand, though homogeneous 
DMs were observed generating in the microfluidic device 
for Qaqu less than 0.2 mL/h, the yield of products was very 
low. Since the sizes of cell-laden microgels are often required 
optimization for sufficient oxygen and nutrients exchange,33 
along with the diameter dispersity and yield of microgels. In 
this study, the DMs with a diameter of 101 ± 5 μm were chosen 
for further investigation, in which case (Qoil/Qaqu = 10), the 
sizes of the DMs followed a narrow Gaussian distribution, and 
the coefficient of variation was 4.7 % (Figure 2G).

The presence of PC12 cells pre-stained with Cell Tracker 
Green Fluorescent Probes was easily evident using fluorescence 
microscopy, which was found respectively in oil and aqueous 
phases during preparation (Figure 2H and I). The number of 
cells was vaguely counted under a microscope, which showed 
that 0–12 cells were found encapsulated in each DM, while most 
of the DMs likely contained 3–6 cells (Additional Figure 3). 
Furthermore, F-actin fluorescence staining on the DMs clearly 
implicated the growth of encapsulated PC12 cells (Figure 

2J). Overall, the cell-laden DMs were successfully fabricated 
through emulsification in a flow-focusing microfluidic device 
and optimised for bioink preparation.

Preparation and characterisation of DM-GelMA bioink 

Prior to DM-GelMA bioink preparation, the cell-laden DMs 
required centrifugation for volume control. However, it was 
noticed that the centrifugation-induced shear stress can cause 
damage to the encapsulated cells. Herein, the duration of 
centrifugation was investigated and optimised for cell survival. 

Live/dead staining showed that cell viability decreased with 
prolonged centrifugation (Additional Figure 4). But when 
the centrifugation was too short (i.e., half a minute), most of 
the microgels remained in the supernatant. To prepare the 
DM-GelMA composite bioink, centrifugation at 270 G for 
just one minute was chosen for guaranteed DM compaction 
and maximised cell viability (89.1 ± 3.0%). The compact DMs 
were gently blended with homemade GelMA solution (NMR 
characterisation; Additional Figure 5) at volume ratio (DM: 
GelMA) = 1:1, resulting in the DM-GelMA composite bioink 
with GelMA concentration at 8% (w/v). The rheological 
properties of the DM-GelMA composite were assessed to 
investigate the changes in mechanical properties, and compared 
to GelMA hydrogel at the same concentration. It was noted that 
the viscosity of the DM-GelMA composite hydrogel decreased 
with increasing shear rate, implicating the preservation 
of shear-thinning property from GelMA hydrogel which 
enables nozzle-based extrusion (Figure 3A). Furthermore, 
in-situ photo-rheometry tests were performed to evaluate the 
mechanical properties in response to photocrosslinking. UV 
light (365 nm, 5 mW/cm2) was turned on one minute after the 
rheology test had begun, gel points of both DM-GelMA and 
GelMA appeared immediately upon irradiation (Figure 3B). 
It was interesting to notice that the DM-GelMA composite 
hydrogel exhibited a slightly larger storage modulus than that 
of GelMA hydrogel alone, but resulted in much less storage 
modulus than GelMA after photocrosslinking (Figure 3C). 
To assess the degradation performance of GelMA and DM-
GelMA hydrogels in vitro, both specimens were immersed in 
PBS. It was evident that the dry weights of both hydrogels 
dropped rapidly for the first three days, then underwent 
slow degradation. The final residual mass of the DM-GelMA 
composite hydrogel was 53.0 ± 5.1%, and that was 61.9 ± 2.1% 
for the GelMA hydrogel after 21 days of PBS immersion. 

Figure 3. Rheological properties of the DM-GelMA composite hydrogel. (A) Rheology assessments showed shear-
thinning behaviors evident in both DM-GelMA and GelMA hydrogels. (B) The shear moduli of both DM-GelMA 
and GelMA hydrogels, UV light was turned on 60 seconds after the rheology test had begun. G’ (solid lines): storage 
modulus, G” (dashed lines): loss modulus. (C) Storage moduli of both DM-GelMA and GelMA hydrogels before and 
after UV photocrosslinking. Data are presented as means ± SD. **P < 0.01 (Student’s t-test). (D) Degradation of both 
DM-GelMA and GelMA hydrogels presented as the ratio of residual mass during 3 weeks of PBS immersion. m0: the 
original dry mass, m’: the mass of the lyophilised hydrogel at each time point. DM: decellularised extracellular matrix 
microgel; GelMA: gelatin methacryloyl; PBS: phosphate buffered saline; UV: ultraviolet.
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Extrusion of DM-GelMA bioink

In this study, the FITC-labeled DMs with varying sizes were 
extruded through needles with different inner diameters, 
respectively. First, the DM-GelMA hydrogels containing 
polydisperse DMs were ejected from different needles. It was 
noted that the DM sizes had their own upper limits to ensure 
continuous extrusion without clotting or jamming, which were 
all slightly larger than the inner diameters of corresponding 
needles (Figure 4A). This is most likely due to the elasticity 
of the microgels and energy dissipation through shear-induced 
deformation. 

For the DM-GelMA hydrogels containing monodisperse DMs 
with ~100 μm in diameter, needles with three different inner 
diameters (Φ = 110 μm, 210 μm, and 410 μm) were assessed for 
extrusion-based 3D printing, respectively. The morphology 
change of the ejected microgels was used to determine the 
optimised needle size. In most cases, the DMs within the 
composite hydrogel underwent deformation after extrusion, 
more or less, apart from their original circular shape (depicted 
in Figure 4B). The circularity (C) of each extruded DM was 

calculated to evaluate the extrudability through different 
needles. Whenever C is closer to 1, the morphology of that 
DM was nearly spherical. It was evident that the circularities 
of the extruded DMs were approximately 1.05, when needles 
with an inner diameters of 210 and 410 μm were used (Figure 

4C). However, both average circularities and their deviation 
changed significantly after the DM-GelMA hydrogel were 
ejected from 110-μm needles. These results indicated that the 
nozzle-induced shear can be considered harmless, when the 
inner diameter of the needle was more than twice as much as 
the size of the DMs. 

Even though the utilization of needles with inner diameter of 
either 210 μm or 410 μm caused little damage to the DMs, the 
microgel distribution was varied after extrusion (Figure 4D). 
The density of DMs found in the extruded filament through 
210-μm needles is much lower than that extruded from 410-
μm needles (Figure 4E). Furthermore, serious stagnation and 
disfluency often occurred during continuous extrusion using 
210-μm needles, which led to poor structural fidelity. 
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Figure 4. Extrusion of the DM-GelMA hydrogel and preservation of DM morphology. (A) The relationship between 
different sized needles and their corresponding maximum extrudable DM sizes. DN is the inner diameter of the needles, 
and Dm is the maximum size of the DMs. The dashed line represents a specific condition when the inner diameter of the 
needle is equal to the DM size. (B) The schematic diagram illustrates the changes in microgel morphology after extrusion. 
Created using Microsoft PowerPoint 2020. (C) The circularity of DMs post-extrusion using different sized needles, and 
representative fluorescence micrographs show the extruded microgels pre-labelled with FITC. Scale bars: 200 μm. Data 
are expressed as the mean ± SD. **P < 0.01 (one-way analysis of variance followed by Tukey’s post hoc analysis). (D) The 
3D bioprinted filaments extruded from 410- and 210-μm needles, respectively. (E) The density of microgels in the 3D 
bioprinted filaments using 410- and 210-μm needles. Data are expressed as the mean ± SD. *P < 0.05 (Student’s t-test). 
DM: decellularised extracellular matrix microgel; FITC: fluorescein isothiocyanate; GelMA: gelatin methacryloyl.
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Printability of DM-GelMA bioinks

To evaluate the printability of the DM-GelMA bioink, 
100-μm monodisperse DMs were pre-mixed with GelMA 
solution, and then subjected to an extrusion-based bioprinter 
using 410-μm needles. It was noted that the DM-GelMA 
composite was extruded continuously and smoothly into 
cylindrical filaments, exhibiting a proper-gelation condition 
(Figure 5A). The composite hydrogel was 3D printed into 
standard grid frameworks consisting of at least four layers 
without obvious interlayer mismatch (Figure 5B and C). The 
multilayer filaments were well-distinguished using optical 
microscopy (Figure 5D), and no severe deformation or 
delamination was evident in the 3D construct, indicating a 

considerable structural fidelity. Meanwhile, it was noted that 
most of the FITC-labelled DMs remained spherical and nicely 
embedded within the bioprinted filaments (Figure 5E). No 
significant microgel collapse or damage was observed. Finally, 
a previously reported semi-quantitative approach was used 
for the estimation of the bioink printability.32 The calculated 
printability (P

r

) values of the DM-GelMA hydrogel were in the 
range of 1.0–1.1 (Figure 5F), indicating that the 3D printed 
holes displayed similar shapes that were comparable to regular 
squares (P

r

 = 1). These results confirmed that the DM-GelMA 
composite bioink exhibited good printability and structural 
fidelity in extrusion-based bioprinting.
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Figure 5. Printability of the DM-GelMA bioink. (A) The DM-GelMA hydrogel was extruded continuously and smoothly, 
showing a proper-gelation condition for 3D printing. The (B) top-view and (C) side-view of a representative 3D printed 
grid mesh using DM-GelMA hydrogel. (D) The grid framework 3D printed by DM-GelMA hydrogel, observed by 
optical microscopy. (E) A representative fluorescence micrograph showed the FITC-labelled DMs (green) embedded in 
the 3D printed construct. Scale bar: 10 mm (B, C) and 1 mm (D, E). (F) The P

r

 of the DM-GelMA bioink (“Experiment”) 
compared with a regular square shape (“Model”, Pr = 1), analysed accordingly to a previously reported semi-quantitative 
method. 3D: three-dimensional; DM: decellularised extracellular matrix microgel; FITC: fluorescein isothiocyanate; 
GelMA: gelatin methacryloyl; Pr: printability.

Cell viability in modular DM-GelMA bioinks

To prepare a sort of modular bioinks, PC12 cells were either 
pre-mixed with GelMA solution and then blended with the 
DMs alone to form the DM/(GelMA + Cells) bioink, or pre-
encapsulated in the DMs then mixed with GelMA to form 
(DM + Cells)/GelMA bioink. The PC12 cells were 3D cultured 
in both bioinks for 4 days, and compared with those directly 
encapsulated in the GelMA hydrogel at the same concentration 
(8% w/v, denoted as GelMA + Cells bioink). It was encouraging 
to note that both DM containing bioinks (DM/(GelMA + 
Cells) and (DM + Cells)/GelMA) exhibited high cell viability 
(> 90%), while that of the GelMA + Cells bioink was less than 
80% (Figure 6A and B). 

Besides the 3D culture, post-printing cell viability is of great 
importance in extrusion-based bioprinting. Live/dead staining 
was implemented after the extrusion-based bioprinting using 
the DM-GelMA bioink with PC12 cells pre-encapsulated 
in the DMs (i.e., the (DM + Cells)/GelMA bioink) and 
compared with the GelMA bioink (i.e., the GelMA + Cells 
bioink). Dramatic difference in post-printing cell viability 
was clearly evident between these two bioinks (Figure 6C). 
Statistically, the viability in the DM-GelMA bioink was 86.3 

± 3.2%, which was almost twice as much as that of the GelMA 
bioink (43.4 ± 3.9%), by following the same bioprinting 
conditions that basically consisting of hydrogel extrusion and 
photocrosslinking (Figure 6D). 

3D bioprinted DM-GelMA scaffolds with heterogeneous 

cells/materials distribution

In the experimental realization, the RSC96 Schwann cells 
were pre-loaded in the DMs, while the HUVECs were pre-
mixed with GelMA pre-gel solution, then gently blended 
together to form heterogeneous modular bioink for extrusion-
based bioprinting (Figure 7A). Since the RSC96 cells and 
HUVECs were pre-stained with green and orange Cell 
Tracker Fluorescent Probes, respectively, they were easily 
visualised in the bioprinted filaments using laser scanning 
confocal microscopy (Figure 7B). Furthermore, 3D confocal 
micrographs showed homogeneous distribution of green 
RSC96 cells embedded in the microgels, while the orange 
HUVECs were also distributed evenly outside the microgels 
(Figure 7C). As a result, a modular 3D co-culture system 
was successfully constructed owing to the utilization of DM-
GelMA composite bioink. 
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Discussion

Nowadays, microfluidic emulsification technique is widely 
used in the preparation of cell-laden microgels, due to the 
well-controlled particle size and cell loading capacity. In our 
microfluidic approach for high-throughput DM production, 
the oil/aqueous interface was stabilised by surfactant which 
inhibited emulsion coalescence. However, the DMs had to be 
exchanged into aqueous medium for cell culture. Therefore, 

PFO was employed to replace the fluorinated surfactant on 
the surface of the microgels and reduce the stability of oil-
aqueous interface,34 leading to a much faster phase separation. 
Once the oil-aqueous interface was destabilised, the cell culture 
medium was added quickly to purify the microgels without 
centrifugation. Further live/dead staining assay showed that 
this PFO-based method effectively shortened the time for cells’ 
exposure to harsh oil reagents, and protected them from high 
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Figure 6. Cell viability in the modular bioinks. (A) Representative fluorescence micrographs after live/dead staining 
on the PC12 cell-encapsulated bioinks and 3D cultured for 4 days. “GelMA+Cells” represents the bioink that PC12 cells 
were directly mixed with GelMA solution. “DM/(GelMA+Cells)” represents the bioink consisting of prepared DMs 
and PC12-cell-encapsulated GelMA solution. “(DM+Cells)/GelMA” denotes the bioink prepared by mixing PC12-cell-
encapsulated DMs and GelMA solution. Green: live cells; red: dead cells. (B) Cell viability of the PC12 cells within the 
abovementioned bioinks based on the fluorescence images shown in A. Data are expressed as the mean ± SD. ***P < 
0.001 (one-way analysis of variance followed by Tukey’s post hoc analysis). (C) Representative fluorescence micrographs 
after live/dead staining on the bioprinted filaments using cell-laden GelMA and DM-GelMA bioinks, respectively. 
Green: live cells; red: dead cells. Scale bars: 500 μm. (D) Post-printing cell viability based on the fluorescence images 
shown in C. Data are expressed as the mean ± SD. ***P < 0.001 (Student’s t-test). DM: decellularised extracellular matrix 
microgel; GelMA: gelatin methacryloyl; ns: no significance. 

Figure 7. 3D bioprinting of multiscale DM-GelMA bioink for RSC96 cells and HUVECs co-culture. (A) Schematic 
illustration of extrusion-based bioprinting using HUVECs and RSC96 cell-laden DM-GelMA bioink. Created with 3D 
Max 2021. (B, C) 2D views (B) and 3D views (C) of the bioprinted 3D constructs using the cell-laden DM-GelMA 
composite bioink, characterised by confocal laser fluorescence microscopy. RSC96 cells and HUVECs were pre-stained 
with green and orange Cell Tracker Fluorescent Probes, respectively, prior to cell encapsulation. Scale bars: 200 μm. 2D: 
two-dimensional; 3D: three-dimensional; DM decellularised extracellular matrix microgel; GelMA: gelatin methacryloyl; 
HUVEC: human umbilical vein endothelial cell.
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mechanical stresses caused by centrifugation that is frequently 
used in traditional methods.35 Furthermore, the conditions 
for dECM gel formation (pH = 7, 37°C) were physiologically 
friendly to cells. The abovementioned processes contributed to 
the high cell viability in the DMs, in addition to the intrinsic 
bioactivities of the dECM.

The biodegradability and degradation rate are important 
parameters to evaluate bioinks, in terms of their feasibility in 
biomedical applications. The DM-GelMA hydrogel degraded 
slightly faster than GelMA, since dECM hydrogels often 
undergo fast degradation.36 Despite that, the DM-GelMA 
composite hydrogel remained relatively stable within three 
weeks. After ejection from the nozzle and collected on the 
receiving plate, the GelMA solution formed an initial shape 
at a relatively low temperature owing to the thermosensitivity 
of gelatin. This initial structure was then reinforced by 
photocrosslinking. The results from in-situ crosslinking test 
showed that the DM-GelMA hydrogel reached a completely 
crosslinked state within 50 seconds until the bioprinted 
structure was fixed, implicating that it can serve as a suitable 
bioink for extrusion-based bioprinting. The photo-crosslinked 
DM-GelMA bioink exhibited less storage modulus than that 
of the GelMA bioink. We conjecture that this was due to the 
embedded microgels with much smaller mechanical strength 
compared to the photo-crosslinked GelMA, which presented 
as many “defects” within the GelMA hydrogel network. 

The needle sizes are crucial for structural fidelity and cell 
survival in nozzle-based bioprinting,37 especially for those 
using microgel-based bioinks. When the nozzle tip is too fine, 
high shear stress can induce severe damage to the microgels 
and their inner cells.18 On the other hand, much larger needles 
lead to poor resolution of the bioprinted structures. Ideally, 
the microgels should remain intact after extrusion bioprinting. 
While, the selection of needle sizes should take both post-
printing cell viability and structural fidelity into consideration. 
Based on our experimental observation during bioprinting, 
we speculated that some extent of DM jamming happened 
at either end of the nozzle, causing uneven distribution of 
the DMs within the extruded filaments or even clotting in 
the 210-μm needles. However, such jamming effect was not 
observed when the needles with 410-μm inner diameter were 
used, since the nozzle was wide enough to allow the smooth 
and continuous flow of DM-GelMA bioink during extrusion. 

High cell viability is essential for the extrusion-based cell-laden 
bioprinting,11 which is mainly determined by the suitable 3D 
microenvironment provided by hydrogels and their protection 
during nozzle ejection. The post-printing viability of the DM-
GelMA bioink was almost twice as much as that of the GelMA 
bioink, which revealed that the DMs effectively protected the 
encapsulated cell from shear damage. Meanwhile, the addition 
of DMs played a vital role in facilitating cell survival in the 
bioinks, attributed to the prominent bioactivity of the dECM 
components for cell accommodation and the large specific area 
provided by the microgels for mass exchange. Both effects 
contributed to the greatly elevated cell viability through 
extrusion-based bioprinting.

Finally, most tissues and organs consist of various cell types 

and their corresponding ECM microenvironment that work 
synergistically for specific biological functions in human body. 
For instance, Schwann cells play a central role in peripheral 
nerve regeneration due to their secretion of various cytokines 
(e.g., nerve growth factor) and remyelination.38 Meanwhile, 
angiogenesis occurs alongside neurogenesis, the growing 
blood vessels provide nutrients and oxygen for nerve cell 
metabolism.39 As a proof-of-concept, the DM-GelMA bioink 
was employed as a modular system to integrate both RSC96 
Schwann cells and HUVECs in the same 3D bioprinted 
scaffold. Meanwhile, the prepared DMs also preserve 
various ECM components from native nerve tissues that can 
effectively promote neurite growth and remyelination.40, 41 
Compared with the traditional methods which directly mix 
different cell types, The DM-GelMA bioink-based co-culture 
system exhibited much better control of the cell/material 
compositions and bioprinted structures. Considering the 
numerous cell combinations, cell-cell interactions, and tissue-
specific dECM hydrogels that can easily replace any of the 
modules in the bioink, this sort of multi-modular composite 
bioinks holds great promise in future bioprinting and tissue 
engineering. 

In summary, a modular DM-GelMA composite bioink was 
successfully developed and applied for extrusion-based 
bioprinting. First, the cell-laden DM module was continuously 
fabricated using a cell-friendly microfluidic-based strategy. 
Upon integrating cell-laden DMs into GelMA, the composite 
bioink provided both bioactive microenvironment and cell 
protection from nozzle-induced shear damage, resulting in 
highly enhanced post-printing cell viability. Moreover, using 
the optimised DM sizes and needle sizes, the DM-GelMA 
bioink exhibited good printability and convenient bioprinting 
conditions. Finally, as a proof-of-concept, the modular bioink 
consisted of RSC96 cell-encapsulated DMs and HUVEC-loaded 
GelMA was used for 3D bioprinting, a co-culture system was 
obtained in a 3D printed construct. We believe that this type of 
modular bioinks enables bioprinting for multi-component and 
multi-functional tissue fabrication with precisely controlled 
cells and materials localization. In the future, in vivo validations 
are highly desired for versatile applications of the DM-GelMA 
modular bioinks in regenerative medicine.
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