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Abstract
Copyright ©The authors 2021 Several bronchoscopic lung volume reduction (BLVR) treatments have been developed to reduce
hyperinflation in emphysema patients. Lung bio-adhesives are among the most promising new BLVR
treatment options, as they potentially provide a permanent solution for emphysematous patients after only a
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our review, we distinguish between and discuss various natural, semi-synthetic and synthetic tissue
Received: 23 June 2021 haemostats and sealants that have been used for pulmonary applications such as sealing air/fluid leaks.
Accepted: 27 Aug 2021 Furthermore, we present an overview of the different materials including AeriSeal and autologous blood
that have been used to achieve lung volume reduction and discuss their respective advantages and
drawbacks. In conclusion, we describe the key biological (therapeutic benefit and biocompatibility) and
biomechanical (degradability, adhesive strength, stiffness, viscoelasticity, tunability and self-healing
capacity) characteristics that are essential for an ideal lung bio-adhesive material with the potential to
overcome the concerns related to current adhesives.

Introduction

COPD is a progressive and chronic inflammatory lung disease that affects more than 300 million people
globally [1]. Pulmonary emphysema and chronic bronchitis are recognised as the two major phenotypes of
COPD [1]. Emphysema is characterised by the permanent enlargement of alveoli distal to terminal
bronchioles accompanied by tissue destruction [2]. This pathological process results in inefficient gas
exchange and loss of elastic recoil of the lung tissue [2]. As a result, expiratory air gets trapped within the
damaged tissue and over time, leading to hyperinflation of the affected tissue. Emphysematous patients
hence suffer from shortness of breath, cough and decreased ability to perform physical activities. The
development of emphysema is primarily attributed to prolonged exposure to noxious gases from sources
such as smoking, exhaust fumes and air pollution [1, 3]. COPD has remained an incurable condition, while
limited treatment options exist to slow its progression and increase the quality of life [2, 4].

One intervention to treat COPD is lung volume reduction surgery (LVRS). In LVRS, the most
a emphysematous part of the lung is surgically resected, thereby reducing the lung hyperinflation and
— allowing natural resizing of the remaining healthier tissue. In turn, this improves respiratory muscle and
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diaphragmatic function. This treatment has imparted survival benefit to a selected group of patients with
advanced heterogeneous emphysema and low exercise capacity. However, it is associated with high rates
of morbidity, making it a rather exclusive therapy for a small subpopulation of COPD patients [5]. These
factors incentivised the development of minimally invasive lung volume reduction methods commonly
referred to as bronchoscopic lung volume reduction (BLVR) treatments [4, 6]. In this review, we briefly
discuss the various strategies for BLVR that have been developed so far. One such technique gaining
ground in the field of BLVR is the use of lung bio-adhesive materials to permanently contract and block
emphysematous tissue. Until recently, the use of most lung bio-adhesives has been limited to haemostatic
or sealant applications. Hence, we present a consolidated overview of the various tissue sealants and
haemostats used to seal air/liquid leakages and stimulate lung repair and regeneration. Additionally, we
discuss in detail the different lung tissue adhesives that have been used to achieve volume reduction in
COPD patients. In closing, we describe the characteristics of an ideal lung bio-adhesive for BLVR, capable
of overcoming issues related to current adhesive technologies.

Bronchoscopic lung volume reduction

BLVR treatments currently include the implantation of medical devices such as one-way endobronchial
valves (EBV) and endobronchial coils, airway bypass stents, thermal vapour ablation and the local
application of polymeric sealants or bio-adhesives [4, 6]. These methods can be classified based on their
mechanism of action, degree of reversibility and safety (table 1). Notably, precise patient selection is
imperative for achieving maximal beneficial outcomes from these techniques. The type (homogeneous
versus heterogeneous) and severity of the emphysematous tissue destruction as well as the level of fissure
integrity drive the choice of the preferred BLVR strategy to be used [32]. For example, presence of
collateral ventilation is an exclusion criterion for EBV treatment. A recent retrospective study by WELLING
et al. [33] further demonstrated the exclusivity of BLVR treatment. Out of all patients referred to BLVR,
only 20% fulfilled the criteria for treatment, but these selected individuals upon treatment lived
significantly longer than ineligible patients [33]. Additionally, these therapeutic options have conferred
benefits such as improved lung function and enhanced physical exercise capacity among COPD patients to
varying extents, all leading to improved quality of life [7, 8, 15, 23, 34, 35]. Therefore, while BLVR
therapies are exclusive, they are highly effective and remain a top choice of treatment for patients not
eligible for LVRS. The various BLVR practices as well as the status and outcome of the applicable clinical
studies have been discussed in detail elsewhere [5, 36].

Lung haemostats, sealants and bio-adhesives

During surgical interventions for lung cancer and emphysema, part of the lung tissue is resected [37]. This
type of surgical intervention risks post-operative blood and air leakage into the pleural cavity [37]. Sutures,
staples and wires are typically used to maintain tissue integrity, although they have certain limitations such
as invasiveness, risk of further tissue damage and infection, time requirements during placement, and
inaccessibility of the defect site [38]. The application of surgical adhesive biomaterials is a popular option
to use directly on the air or liquid leaks or to reinforce the standard techniques [39] (table 2). These
materials can behave as haemostats, sealants and tissue adhesives (or a combination of the three) [45, 53],
as illustrated in figure 1. These sealants are desirable given their application is quick and easy [38, 53].

Sealants can be classified as natural, synthetic or semi-synthetic [38, 53]. Sealants composed of fibrin,
albumin, collagen and chitosan are examples of natural sealants such as Tisseel (Baxter International, IL,
USA), Tachosil (Takeda Pharmaceutical, Tokyo, Japan), BioGlue (CryoLife, GA, USA) and Eviseal
(Ethicon, NJ, USA). Components of natural sealants and adhesives derived from human plasma and
animal serum, such as fibrin- and albumin-based sealants, carry the inherent risk of disease transmission
and allergic reactions [38, 53]. Naturally derived materials typically associate with lower mechanical
properties such as the rigidity of BioGlue and relatively fast degradation of Progel [44, 54].
Cyanoacrylates, polyvinyl alcohol, polyethylene oxide and polyethylene glycol are well known examples
of popular polymers used as synthetic sealants, which includes Histoacryl (B. Braun, Melsungen,
Germany), FocalSeal (Genzyme Corp, MA, USA; currently discontinued), Coseal (Cohesion Technologies,
CA, USA) and AeriSeal (PulmonX Corp, CA, USA). Synthetic polymers are often associated with in vivo
toxicity. For example, during polymerisation cyanoacrylates can cause thermal damage and scarring and
their by-products formed during degradation are cytotoxic in nature, which can lead to necrosis of tissue
[45, 46]. The high stiffness of these synthetic polymers also restricts physiological movements of organs
such as lungs and heart [45]. Moreover, these polymers prefer adherence to dry surfaces, hence are unable
to function in wet environments [45]. This has limited their application to topical use. Conversely,
adhesive materials have also been developed for BLVR. The currently available BLVR bio-adhesive,
AeriSeal, induces inflammatory responses upon administration that stimulate the formation of fibrotic
tissue, which consequently contracts and reduces the overall volume of the lungs [55].

https://doi.org/10.1183/16000617.0142-2021 2



EUROPEAN RESPIRATORY REVIEW

CROSSLINK BIO-ADHESIVES FOR BLVR | M.M. JOGLEKAR ET AL.

TABLE 1 Bronchoscopic lung volume reduction techniques

Endobronchial valves

Airway bypass stents

Affecting lung parenchyma

Coils

Thermal vapour
ablation

Sealants

Mechanism of
action

Reported
complications
and adverse
events

Reversibility

Implantation of
unidirectional valves
block inhaled air from
entering targeted
airways, while allowing
trapped air and
secretions from distal
airways and
parenchymal tissue to
escape during
exhalation

Valve migration/
misplacement,
granulation tissue
formation, lack of
benefit, pneumonia,
pneumothorax, COPD
exacerbations, severe
haemoptysis, pulmonary
infections and death

Reversible

Anatomical fenestrations
are created between
bronchial walls and

hyperinflated parenchymal
tissue followed by insertion
of a small drug-eluting
paclitaxel-coated stent;
these act as transbronchial
passageways that allow
decompression of the
damaged tissue and
increase gas flow from the
hyperinflated region into
the main airway during
exhalation
Granulation tissue
formation, COPD
exacerbations, respiratory
infections, pneumothorax
and haemoptysis

Reversible

Implantation of coils
in targeted airways
results in
compression and
retraction of the
hyperinflated lung
parenchyma,
restoring elastic
recoil of the
healthier tissue

Pneumothorax,
pneumonia, COPD
exacerbations, chest
pain and
haemoptysis

Partially reversible

Heated water
vapour is used to
thermally damage
lung parenchymal
tissue and induce
fibrotic responses;

this leads to the
formation of scar
tissue that
stimulates
contraction of the
lung, reducing the
overall volume

Pneumonia, COPD
exacerbations,
respiratory tract
infection,
haemoptysis and
death

Nonreversible

Lung adhesives are
locally delivered that
polymerise in situ
and induce
inflammatory and
fibrotic responses;
this leads to the
formation of scar
tissue and reduction
in lung volume

Breathlessness,
thrombosis, fever
pulmonary embolus,
leukocytosis,
increased C-reactive
protein, COPD
exacerbations,
pneumonia,
haemoptysis,
respiratory infections
and death
Nonreversible

Examples Zephyr valve (PulmonX Exhale Emphysema RePneu” (PneumRyx, Uptake Medical AeriSeal (PulmonX
Corp, CA, USA), The Treatment System (Broncus CA, USA), InterVapor (Broncus Corp, CA, USA)
Spiration IBV Valve Technologies, CA, USA) Lung Tensioning Technologies, CA,
System (Olympus, WA, Device (FreeFlow USA)
USA) Medical, CA, USA)
Examples of STELVIO, IMPACT, EASE" RENEW, RESET, STEP-UP ASPIRE
randomised LIBERATE, TRANSFORM EFFORT
controlled
clinical trials
References [7-14] [15, 16] [17-22] [23-26] [27-31]

*: no longer available.

Adhesion under wet conditions, such as the lung tissue, is particularly challenging. However, a subclass of
tissue adhesives that bind specifically to mucous membranes, called mucoadhesives, has been extensively
studied to address this concern. Mucoadhesives have prominently been implemented as drug delivery
systems for respiratory diseases and often have been developed using polymers functionalised with
phenolic compounds such as catechol groups to enhance their adhesive properties [56-58]. Catechol is the
key component of the amino acid 3,4-dihydroxy-L-phenylalanine (DOPA), a major protein secreted by
mussels to latch onto surfaces underwater [52, 59]. The adhesive properties of mussels have been most
studied for myriad biomedical applications, for example wound closure, extrahepatic islet transplantation
and fetal membrane repair [60-62]. To the best of our knowledge, besides autologous blood, the
application of biomimetic tissue adhesives as bronchoscopic intervention for emphysema has not been
reported. These mussel-inspired adhesive biomaterials are biocompatible, have strong adhesive properties
especially under wet conditions, polymerise rapidly and can be altered to obtain desirable biomechanical
properties [45, 52]. However, high production cost and auto-oxidation at higher pH of these substances
currently challenges their clinical implementation [52, 59].

Lungs are active immunological sites that present a wet environment due to the presence of surfactant
mucus [63]. Furthermore, lungs are soft and highly elastic organs [64]. The constant movement of the
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TABLE 2 Sealants and adhesives used for clinical pulmonary applications

Examples

Mechanism of action

Characteristics References

Composition
Lung volume
reduction
PVA Aminated PVA
Glutaraldehyde
Autologous Autologous blood
blood Fibrinogen
Thrombin
Sealing air/fluid
leaks
Fibrin Fibrinogen
Thrombin
Factor XIlI

Cyanoacrylates

Butyl lactoyl
cyanoacrylate

Albumin
Glutaraldehyde
PEG

Albumin

PEG PEG
Polylactic acid
Polytrimethylene
carbonate

Collagen Collagen

N-butyl cyanoacrylate
Methacryloxysulpholane
2-octyl cyanoacrylate

AeriSeal (PulmonX
Corp, CA, USA)

Vivostat Fibrin
Sealant (Vivostat A/S
Alleroed, Denmark);

Tisseel (Baxter

International, IL,
USA)

Glubran2 (GEM,
Tuscany, Italy);
Omnex (Ethicon, NJ,
USA)

BioGlue (CryoLife,
GA, USA); Progel
(BD, NJ, USA)

FocalSeal (Genzyme
Corp, MA, USA);
Coseal (Cohesion
Technologies, CA,

USA)

Peri-Strips (Synovis
Life Technologies,
MN, USA)

Local delivery and in situ
polymerisation induces
inflammatory responses,
fibrosis and scar tissue

formation, promoting

atelectasis

Blood clot formation is
instigated at site which

supports plugging of
emphysematous tissue

Upon administration,
fibrinogen is converted to
fibrin in the presence of
thrombin; fibrin forms
clots which covalently
bond with tissue with the
help of factor XllI; this
process is accelerated by
addition of calcium ions
Cyanoacrylates upon
application polymerise in
the presence of weak bases
found in bodily fluids and
blood including water and
amines
Lysine molecules in
albumin, extracellular
matrix, and cell surfaces
crosslink upon
glutaraldehyde exposure
PEG is modified with
degradable functionalities
or crosslinked with
degradable polymers to
confer adhesiveness and
tissue bonding

Presents an adhesive
matrix to provide
additional clotting factors
and to control bleeding;
the matrix covalently binds
to the tissue

Degradable, and invokes
inflammatory responses

[27, 29, 31]

Low cost, higher risk of
infection and usually used
as a last-resort treatment

[40-43]

Neo-angiogenesis, normal
wound healing, degradable,
risk of disease transmission

or allergic reactions as a
derivative of human/animal
plasma, unclear efficiency in
wet environment and poor

mechanical properties

[38, 44]

Wet adhesion, rapid curing,
low cost, inflammatory
reactions induced,
degradable, exothermic
polymerisation and toxic
byproducts
Degradable, instigate
inflammatory response,
rigid, cytotoxic

[45-47]

[44, 48-51]

Controlled degradation, [38, 52]
flexibility, high adhesion
strength and

biocompatibility, high

swelling ratio and low

cohesive strength and

brittleness

Lower risk of disease [48]
transmission and composed

of the most abundant

extracellular matrix protein

PVA: polyvinyl alcohol; PEG: polyethylene glycol.

lungs causes additional stress to any site of injury or disease [63]. These are major morphological and
functional characteristics of lung tissue to which adhesive materials must comply in order to offer a safe
and efficient intervention. The primary aim of using adhesive materials for biological lung volume
reduction is to be able to ameliorate physiological conditions that affect lung function such as
hyperventilation, increased airway resistance and decreased elastic recoil [65]. This calls for the
development of a lung adhesive material that not only complies with the lung environment, but also
overcomes the limitations posed by existing sealants and adhesives.

Polymeric lung volume reduction
In 2001 the idea of obliteration of emphysematous tissue by collapsing it bronchoscopically rather than via
surgical resection was first proposed [66]. The aim was to obtain a sustained collapse by delivering a

https://doi.org/10.1183/16000617.0142-2021 4
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FIGURE 1 Mechanism of action of lung haemostats, sealants and bio-adhesives. Haemostats are biomaterials that control bleeding upon
application by forming a localised clot, bolstering the inherent coagulation ability at the bleeding site. Tissue sealants and bio-adhesives react with
surface proteins to form covalent material-tissue bonds. Sealants are used to prevent air and/or liquid leakage from a surgical incision, while
bio-adhesives crosslink tissue together. These materials degrade gradually as the wound heals.

fibrin-based material to fill, polymerise in situ and seal the targeted region to achieve maximum atelectasis
[55, 66]. The material induces an inflammatory response that initiates the formation of a localised and
irreversible scar as well as contraction of the hyperinflated lung, which contributes to the reduction of the
overall lung volume [55]. These changes are the result of the remodelling of the pulmonary parenchyma,
which has been linked to mononuclear cell infiltration and fibroblast proliferation [55]. The collapsed
portion of the lung cannot re-expand as surrounding airways and collateral channels are blocked by the
polymerised material. This first-generation lung adhesive was commonly referred to as biological lung
volume reduction (Bio-LVR) [55, 67, 68] and was replaced by a polymeric foam called AeriSeal or
emphysematous lung sealant (ELS) [27-29, 69, 70]. Since its approval for use in Europe in 2011, several
case studies and clinical trials have reported the use of AeriSeal in lung volume reduction [27-30, 69-71].
Essentially, these uncontrolled trials indicated promising efficacy of AeriSeal in reducing lung volume,
improving gas trapping, pulmonary function, exercise capacity and quality of life of patients with advanced
heterogeneous upper lobe predominant and homogeneous emphysema [27, 28, 30]. Conversely, they have
also repeatedly demonstrated severe adverse effects following treatment with ELS including leukocytosis
and fever in the majority of patients (~85%), COPD exacerbations (~30%) and haemoptysis and
pneumonia/pneumonitis (~5-10%) [27, 28]. A trial conducted by Cowmt et al. [29] further evaluated the
safety and efficacy of ELS in a randomised controlled setting. The participants were divided into two
groups: ELS plus medical treatment and medical treatment alone (control group). Overall, the ELS
treatment was well tolerated and no procedural side-effects were noted. Despite early termination of this
study, data available at 3 months suggested a significant improvement in forced expiratory volume in 1 s
(FEV,), quality of life and dyspnoea in the ELS-treated group as compared to the control group. Apart
from dyspnoea, these improvements persisted over 6 months. However, two deaths were recorded in the
treatment group. Additionally, other adverse events such as pneumothorax, post-treatment acute
inflammatory response, COPD exacerbations and pneumonia were observed. This study substantiated the

https://doi.org/10.1183/16000617.0142-2021 5
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high efficacy of AeriSeal, but highlighted that this treatment is associated with significant risks, which has
limited its wide clinical application [29]. Furthermore, a recent study demonstrated significant volume
reduction on computed tomography, but a lack of clinical benefit of administering a much lower dose and
staged delivery of AeriSeal in emphysema patients (STAGE, NCT02877459). In contrast, administration of
lower volume of AeriSeal was successfully used to reverse collateral ventilation in a patient recommended
to undergo volume reduction with EBV [72]. Currently, two more studies are recruiting patients for
evaluating the feasibility, safety and efficacy of injecting AeriSeal to block interlobar collateral ventilation
for enhanced EBV treatment (Mind The Gap — Crossing Borders Study, NCT04256408; and CONVERT,
NCT04559464).

One of the components used to produce AeriSeal, glutaraldehyde, is the most commonly used crosslinking
agent in biomedical applications and well known for its cytotoxicity. This could be a major contributor to
the adverse events observed upon administration of this adhesive. Unreacted glutaraldehyde is typically
washed away in in vitro studies after polymerisation; however, this is challenged in a clinical setting and
thus potentially harmful for patients. Moreover, the degraded by-products (cyanoacetate and formaldehyde)
of glutaraldehyde could remain a continuous source of cytotoxicity. Extensive in vitro and animal studies
are required to decipher the underlying reactions that occur upon delivery of the adhesive that have led to
exacerbations, infections and even death. Alternatively, biocompatible crosslinking agents such as
carboxylic acids and genipin are being examined for biomedical application in wet environment [73, 74].

Autologous blood

The bio-adhesive properties of blood were utilised in BLVR for the first time in 2008 to treat
emphysematous bullae [40]. Autologous blood was delivered using an intrabronchial catheter followed by
fibrinogen and thrombin solution into the bullae, which shrunk dramatically (from 12 cm to 3 cm in
diameter) providing functional and symptomatic relief to the patient, who remained in remission for
>12 months post-treatment. This treatment worked on the principle that the formation of a blood clot
contributed to plugging, generation of scar tissue and collapse of emphysematous alveoli [40]. In a study
by Bakeer et al. [41], patients were either treated with autologous blood mixed with cyklokapron and
calcium chloride (n=7) or with locally prepared fibrin glue (n=8) which was delivered to targeted segments
of emphysematous tissue. Cyklokapron reduces excessive blood loss, while calcium hastens clotting. The
pulmonary function and quality of life improved in patients treated with blood and fibrin glue at 12 weeks
as compared to the baseline. However, no significant difference was observed between the different
treatment groups. Moreover, one patient treated with blood developed pneumonia post-operatively [41]. In
another study performed to relieve unmanageable dyspnoea, autologous blood followed by a thrombin
solution was delivered to the most impaired lobe periodically until an inflammatory response (pneumonia)
was achieved [42]. However, this was also accompanied by fever, hypoxaemia and tachycardia, which
were relieved by steroids. The eosinophilia lasted for weeks after the initial induction of pneumonia. Upon
recovery from these inflammatory responses FEV; and the inspiratory capacity were improved, but only
temporarily, and returned to baseline levels within 6-12 months [42]. Lung volume reduction and
dyspnoea improvement has also been achieved using three-dimensional navigated bronchoscopy for
targeted instillation of autologous blood in bullous emphysema [43]. Additionally, the conversion of
collateral ventilation-positive to collateral ventilation-negative lobes has been attempted with the help of
autologous blood or blood derivatives; however, due to lack of sufficient efficacy this study was stopped
(Mind The Gap, NTR5007). Although the approach of utilising autologous blood is cost-effective, it is
also prone to induce infection and adverse events caused by inflammation. Moreover, theoretically, blood
and its by-products will be broken down and absorbed by the body gradually, offering only a temporary
effect.

It is noteworthy that all of these methods are heavily dependent on the induction of inflammatory
responses that result in remodelling of the lung parenchyma and formation of fibrotic tissue. These
responses are stimulated by the presence of natural or synthetic materials which gradually degrade and are
resorbed. This raises the major concern of diminishing atelectasis over time. Hence, there is certainly scope
for approaches with alternative mechanisms of action to reduce the risk of associated adverse events and
hospitalisation days, while still offering improved quality of life through symptomatic and functional relief.

Future perspectives

Current BLVR approaches are either beneficial only to a small group of patients or induce severe
inflammatory responses and adverse events. The development of a BLVR strategy that is applicable to and
well tolerated by all emphysematous patients, irrespective of their phenotypes, will help combat the
growing prevalence of COPD. Hence, there remains an unmet need for the development of a bio-adhesive
material for volume reduction that can be delivered using a catheter and has strong wet adhesive properties

https://doi.org/10.1183/16000617.0142-2021 6
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that enable fusing of disintegrated lung tissue. The viscosity of the material should be tuned such that upon
delivery to the airway subsegments, it should disperse within the defect site, but rapidly polymerise to
minimise leakage to nontargeted regions (figure 2). Ideally, the polymerisation reaction must not generate
excessive heat, nor should the swollen polymerised material compress surrounding tissue/organs. For a
single application and permanent lung volume reduction, the material should remain unaltered and should
not degrade over an extended period of time. Additionally, adequate biomechanical properties of the
material such as high tissue-bonding strength (tensile and lap shear strength), elasticity, toughness and
stiffness are crucial to enable the material to withstand the constant movements of the respiratory muscles.
They should facilitate restoration of the physiological properties of the diseased lung tissue, such as
restoring diminished overall stiffness and elastic recoil in emphysematous lungs. However, currently the
accurate biomechanical characteristics of a bio-adhesive to prime it for clinical studies remain unknown
and extensive fundamental research is needed to establish these criteria. Furthermore, movement of the
lungs, presence of bodily fluids, and mechanical forces at the application site can irreversibly damage the

a)
- Air trapping
>
w
K
=
oo
=
=
=
o
=
.e
=
2
=
A=
E’_ Tissue
= expansion
b)
g
2 Catheter
L=
o
©
oo
=
=
N
(]
>
Z
()
=
o
©
Eel
(]
g
(V]
()
2
S
<)
c
2 Rapid in situ
2 polymerisation
o
©
o
c
©
=
.0
=
A
S
[
©
g
8 Tissue
- contraction

FIGURE 2 Illustration of the mechanism of action of prospective/future lung bio-adhesive for bronchoscopic
lung volume reduction. a) Damaged alveoli with air trapping and hyperinflation in an emphysematous lung;
b) bronchoscopic delivery of prospective lung bio-adhesive to airway subsegments; c) rapid in situ polymerisation
of the bio-adhesive material that crosslinks together the surrounding destroyed/damaged tissue, contracting it,
removing trapped air, maximising atelectasis and reducing overall lung volume.
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FIGURE 3 Summary of characteristics of an ideal lung adhesive for bronchoscopic lung volume reduction. To
develop a one-step permanent bronchoscopic lung volume reduction strategy using lung bio-adhesives,
characteristics such as good biomechanical properties, rapid in situ polymerisation, nonbiodegradability, zero
systemic side-effects, negligible immune reactions, bronchoscopic delivery and ability to adapt to wet and
dynamic environment are desirable.

bio-adhesive. Self-healing capacity of the material would ensure self-repair and restoration of native
function and properties without external intervention. With the recent advances in bio-orthogonal
approaches, the material can be made tunable on demand to accommodate for desirable cellular responses.
Ideally, the intervention should invoke minimal inflammatory responses to enable fusing and tissue
contraction, but should not lead to foreign body reactions or adverse events upon administration or in the
long term. Adverse events such as pneumonia, pneumothorax, COPD exacerbation or respiratory infections
in vulnerable patients such as those affected by severe emphysema can prolong hospitalisation, reduce
quality of life and are sometimes fatal, and should thus be avoided. The outcomes of the treatment must be
restricted to the lungs without systemic side-effects. Importantly, the outcomes of the treatment including
enhanced lung function and exercise capacity should be sustainable long-term. The ideal novel material, in
comparison to LVRS, should lower the rate of morbidity and mortality and improve clinical outcomes such
as FEV /forced vital capacity ratio, residual volume, total lung volume, exercise capacity and dyspnoea
score. These characteristics are summarised in figure 3. To this end, several novel materials with superior
adhesion and mechanical properties are being developed. For instance, methacryloyl-substituted
tropoelastin and gelatin methacryloyl based adhesives effectively sealed large air leaks in animal models in
the absence of sutures and staples [64, 75]. However, these novel biomaterials are yet to be tested in a
BLVR setting. Excitingly, advances in chemical engineering have enabled progress of smart materials with
remarkable properties including self-sealing, self-healing, self-adherence, high stretchability, high
toughness and reversibility [76-81] that have potentially paved the way for the establishment of an ideal
lung bio-adhesive for volume reduction.

Conclusion

Emphysema hugely affects even simple daily activities of COPD patients. Initially, LVRS was
recommended as a treatment option for COPD patients, but the very strict selection criteria and associated
rate of morbidity with this intervention discouraged its widespread application. Alternatively, different
BLVR methods were gradually developed including implantation of one-way valves, stents, coils and
thermal vapour ablation. Although one-way valves are the most successful of all the BLVR approaches,
only a small subpopulation of patients benefit from this treatment. BLVR using bio-adhesives is a novel
field of research that is rapidly gaining traction. Several haemostats and sealants have been employed for
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lung repair and regeneration or to prevent air and body fluid leaks, but have not been explored for
permanent volume reduction, probably due to their unfavourable properties. To the best of our knowledge,
only AeriSeal has been extensively investigated and used therapeutically for volume reduction. A major
drawback of AeriSeal is its induction of inflammatory responses and adverse events upon administration.
Nevertheless, ongoing efforts combining two BLVR methods such as AeriSeal and EBV are promising.
Moreover, with improved diagnostic tools comes better stratification of patients, which will help clinicians
to more accurately identify and execute effective treatments and care. Finally, for a safe and one-time
solution using lung bio-adhesive, a biocompatible and nondegradable material is desirable. Although a safe
and effective adhesive has yet to be developed, promising formulations have become within range of
becoming an achievable reality given the advances in innovative techniques in chemistry and
bioengineering.
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