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ioplastics in healthcare:
opportunities, challenges and sustainable recycling

Noëlle ten Boer,†ab Irem Soyhan,†d Suzan Abrishami,†cd Daniele Parisi, c

Janneke Krooneman, ab Jeroen Siebringa and Patrick van Rijn *d

The healthcare sector ranks among the largest consumers of single-use plastics, generating substantial

amounts of waste, an issue strikingly captured in Maria Koijck's breast surgery photography. To reduce

the environmental impact, biobased and biodegradable polymers are promising alternatives to

conventional plastic medical disposables, offering sustainability while maintaining functionality. This

review evaluates the suitability, circularity and benefits of various biobased and biodegradable plastics for

healthcare applications and the critical role of effective waste management in enhancing sustainability in

the medical sector. Implementing biobased medical plastics requires rethinking recycling strategies and

waste management. Unlike fossil-based plastics, which reduce in quality while recycling, enzymatic and

whole-cell biocatalytic recycling processes can preserve the quality of biobased and biodegradable

materials, allowing them to be re-used for new products and offering a sustainable end-of-life solution.

Integrating these materials into existing waste management requires overcoming social, economic,

logistical, and technological challenges that must be addressed. Standardised regulations, awareness of

the circular economy, and collaboration between academia and industry are crucial for developing

medical-grade, sustainable solutions for a circular and environmentally responsible healthcare system.
Sustainability spotlight

This review critically addresses the use of biobased circular polymeric alternatives in the current health-care industry and biomedical eld. The health sector, in
general, places a large environmental burden on society, where reuse and recycling are oen more difficult because of its more stringent regulations. However,
there are options that are underdeveloped and scarcely explored. Herein, we address how conventional biomedical polymers, such as polystyrene, polypropylene
and others, could potentially be replaced by polymers, such as polyhydroxyalkanoates, polylactide and other biobased. Degradation products of these fully
degradable polymers can be used make new products, ultimately closing the loop. This work aligns with the United Nations Sustainable Development Goals
(SDGs) 9 (industry, innovation and infrastructure) and 12 (responsible consumption and production).
1. Introduction: the plastic problem

The production of plastics is continuously increasing, driven by
the growing need for these materials in our daily lives. Since
their widespread adoption, which increased signicantly during
the second world war,1 global plastic production reached
a critical point of 400 million tonnes in 2022 (Fig. 1A) and will
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reach an extensive amount of 540 million tonnes by 2040.2,3

Specically, 50 kg of plastic is produced per person annually.
The reliance of society on these fossil-based materials is
a pressing and urgent issue that demands immediate attention.
The environmental impact of petroleum-based plastics is con-
cerning due to their signicant contributions to pollution and
health risks as these plastics are non-degradable and their
production from fossil resources is energy intensive.4 Millions
of tons of plastic pollute the oceans and landlls, where they
will remain for several hundred years and even release harmful
chemicals.5 Small plastic fragments have been found in the
human body, including the brain,6 as well as in crops in the
form of microplastics, causing severe health problems.7

Highly desirable features like soness, strength, and trans-
parency make plastic materials perfect for broad-spectrum
applications9 such as in electronics, automotive parts, pack-
aging materials, and medical equipment. The medical sector,
including hospitals, operating theatres, general practices, basic
patient care, and clinical laboratories, is one of the most
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Worldwide plastic production from 1950 to 2022 (adapted with permission from the Nova Institute). (B) Shortlist of the medical
disposables with the highest environmental impact (adapted from Project Green Deal/Duurzame Zorg, Theme 4, Nederlandse Federatie van
Universitair Medische Centra, Noort et al., 2024).8
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signicant industries that rely heavily on single-use plastics.
This reliance is primarily due to the low-cost bulk production,
cost-effectiveness and versatility of plastics, allowing their
widespread use in healthcare to prevent infections and main-
tain hygiene.10 Medical instruments made of steel, ceramics or
glass are replaced with plastics as they can be processed in any
shape and functionalized with any desired functional properties
to meet the specic requirements of various applications.10

The healthcare and research sectors are among the most
signicant contributors to plastic waste. In Canada, approxi-
mately 25% to 30% of the national plastic pollution is attributed
to these sectors.11 A single hospital bed generates an average
waste of 2 kg per bed per day. Among the hospital waste
generated, 36% is plastic material waste, resulting in 0.72 kg of
plastic waste per bed per day.12 The environmental impacts vary
between hospitals and even among departments, depending on
the nature and intensity of plastic use.13,14 Intensive care units
are known as one of the most resource-intensive hospital
departments. At Erasmus MC in the Netherlands, disposable
gloves, medical clothing and syringes accounted for 49 900, 24
300 kg and 27 000 kg CO2-eq., respectively.15 Operating rooms
are similarly resource-intensive, contributing to 21% to 33% of
the total plastic waste, increasing to 70% when the gynaecology
department is included due to its labor and delivery suites. A
general audit of surgical specialties in Australia averaged 5.33
kg of waste per procedure, increasing to 10.17 kg per procedure
in the United States.14 In addition, clinical dentistry units make
use of plastics for prostheses, implants, orthodontic retainers,
and obviously single-use materials during treatments. Plastics
are perfect to maintain our personal oral health as they are non-
porous and easily cleaned, which results in a household (2
persons) creating approximately 1 kg of plastic waste annually.16

The ndings of a similar study conducted at the University of
Groningen, The Netherlands, within the Faculty of Science and
Engineering were equally alarming. This study reported the
amount of plastic waste produced in various research labora-
tories, for instance, a biology laboratory with seven researchers
can generate up to 4000 kg of plastic waste annually. When the
plastic waste production numbers from laboratories at the
university are also included, this number increases to 17 tons
produced annually by a single science and engineering faculty.17

Considering that this situation is likely similar worldwide, the
gravity of the issue becomes evident.
© 2026 The Author(s). Published by the Royal Society of Chemistry
These ndings from laboratory research settings are parallel
to those in clinical environments, where the extensive use of
single-use medical products, such as syringes, catheters, IV
tubes, surgical sheets, and sterile packaging, contributes
signicantly to plastic waste and associated carbon emissions.
In 2022, Dutch University Medical Centers assessed the envi-
ronmental impact of medical disposables based on purchasing
data. An estimate of the total environmental impact of the
medical disposables from six University Medical Centers
participating in the study is 12 724 031.7 kg CO2-eq. As shown in
Fig. 1B, disposable syringes had the highest environmental
impact (1 146 000 kg CO2-eq.), largely due to their high plastic
content of 85%,13 followed by oxygen sensors (515 000 kg CO2-
eq.) and gloves (504 000 kg CO2-eq.).8 These hotspots of medical
disposables highlight opportunities for circular strategies
through regulatory adjustments and collaborative medical
product design.15

Currently, fossil-based conventional plastics, which are used
to make medical single-use products, account for 60% of the
overall plastic demand in Europe.3 Reduction of plastic use can
be achieved by refusing unnecessary use, reusing materials,
redesigning products, and advancing materials research.
Replacing fossil-based, non-biodegradable materials with
sustainable alternatives could signicantly reduce their envi-
ronmental impact, primarily when used by one of the most
signicant plastic users, the healthcare sector. Sustainable
plastic alternatives, such as bioplastics, can possess similar
characteristics as petroleum-based plastics, and therefore have
the potential to replace fossil-based materials. Alternative
plastics should preferably be both biodegradable, causing
minimal environmental pollution, and biobased, minimising
the depletion of natural resources.18 In 2024, the market size for
biopolymers was estimated to be around 18 billion USD, which
is expected to reach 35 billion USD by 2030. Europe is the largest
consumer in this market, holding a 43% share, and North
America ranks second with a 25% share.19 To meet the growing
industrial need and replace fossil-based plastics, bioplastics
need to be produced on a larger scale, and their market needs to
grow. Therefore, much research is being conducted on the
production and application of biodegradable bioplastics.

Addressing the pressing issue of plastic overconsumption
requires a multifaceted approach, including changes in usage
behaviours and transitioning to alternative materials for plastic
RSC Sustainability, 2026, 4, 628–649 | 629
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production. These steps are crucial for developing innovative
recycling solutions and moving toward a fully circular process.
In the healthcare sector, where plastic consumables play
a signicant role, changing the materials used can impact
recycling and waste management strategies. This review evalu-
ates the suitability and circularity of various biobased and
biodegradable plastics for healthcare applications, focusing on
their essential characteristics, potential benets, and the crit-
ical role of effective waste management in enhancing sustain-
ability in the medical sector.

2. Plastics in the healthcare industry

Fossil-based plastics are popular due to their diverse properties
and are used in various industries, including the medical
industry. These conventional plastics are versatile, durable, and
have low production costs. Some of their advantageous prop-
erties, including chemical resistance, tensile strength, and
resistance to stress and load before distorting, make them
favourable in medical applications.20,21 They can become so
and malleable upon heating, allowing them to be reshaped into
various forms.22 Although these plastics are petroleum-based
polymers, they are compatible with biological systems without
causing detrimental effects, and thus classied as conventional
biocompatible plastics.23

2.1 Conventional plastics in healthcare

Owing to these benecial attributes, fossil-based plastics are
used as disposables and equipment in the medical eld,
including sutures, syringes, packaging materials, gloves,
pipettes, pipette tips, tubing, plasters, and surgical gowns. The
most commonly used types of plastics used in these healthcare
applications include polyethylene (PE), polypropylene (PP),
polystyrene (PS), and polyvinyl chloride (PVC), and their
Fig. 2 Classification of different plastic polymers based on their resou
renewable resources. Blue: biodegradable polymers. Figure created with

© 2026 The Author(s). Published by the Royal Society of Chemistry
properties, applications and recycling challenges are summa-
rized in Table 1.13,24
2.2 Emerging alternatives to conventional plastics

Instead of chemical production from petroleum, most fossil-
based plastics (conventional plastics, Fig. 2) can be made
from renewable materials, while maintaining their properties,
e.g. resulting in biobased PE (biobased plastics, Fig. 2). Bi-
obased is dened in European Standard EN 16575 as ‘derived
from biomass’. Biomass is a material of biological origin and
non-geological or fossilised material.36 Biobased plastics are
made using renewable feedstocks, such as starch, sugars, oils
and other carbon-rich waste streams, which address concerns
regarding resource depletion and lower greenhouse gas emis-
sions than fossil fuel use.37

Biobased plastics are not necessarily biodegradable. Biode-
gradable materials can be broken down by microorganisms into
water, naturally occurring gases such as carbon dioxide and
methane, and biomass, as the microorganism population grows
when they use materials as carbon sources. Biodegradability
depends on the environmental conditions, such as tempera-
ture, presence of microorganisms with the proper metabolic
capacities, and presence of oxygen and water. The biodegrad-
ability and degradation rate of products differ in soil, climates,
seawater or fresh water, or human-like systems like industrial
composting and anaerobic digestion.36 To mitigate environ-
mental pollution, biobased plastics must also be biodegradable,
as biodegradable plastics minimize the risks of microplastics.
Notably, biodegradable plastics (Fig. 3) such as polybutylene
adipate terephthalate (PBAT), polycaprolactone (PCL), and
polybutylene succinate (PBS) may still be derived from petro-
chemical sources. In contrast, biobased biodegradable plastics
(Fig. 3) are made from renewable resources and fully biode-
gradable. The commonly used biobased biodegradable plastics
rce and biodegradability. Green: biobased polymers produced from
https://BioRender.com.
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Fig. 3 Strategies for eliminating pathogenic agents in medical waste. Waste sterilisation processes are in yellow and destruction processes are in
blue. Figure created with https://BioRender.com.
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include starch blends, polylactic acid (PLA), polyglycolic acid
(PGA) and polyhydroxyalkanoates (PHA).37,38

The term bioplastic can be confusing, as it describes
different types of plastics with varying denitions. Bioplastics
are either made from renewable resources or are fossil-based
biodegradable plastic materials. Thus, to avoid confusion,
both the origin (renewable or fossil-based) and the degrad-
ability of bioplastics are specied in this review.
2.3 Biodegradable and biobased plastics

Biobased plastics are being developed and introduced into
medical consumer products to reduce the ecological footprint
of healthcare facilities, as they are made from renewable
resources.4 Biodegradable plastics are the best option as they
minimize the environmental impact by breaking down natu-
rally and completely, reducing waste production. These mate-
rials are derived from various resources and have different
characteristics, making them suitable for multiple applications.
They all have unique considerations regarding their use in
product development and material use. This review focuses on
starch blends, cellulose blends, PLA, and PHA, among the most
used and promising biomaterials.

2.3.1 Starch and cellulose-based bioplastics. Starch and
cellulose-based bioplastics are derived from natural starch
sources such as corn, potato, cassava, wheat, and rice waste.
Starch is a carbon storage molecule, while cellulose gives
structure to plant cells. However, although starch is abundant
and inexpensive, its use raises concerns about competition with
food production.39 Starch consists of amylose, a chain of
unbranched glucose monomers with an a-1,4-glycosidic bond
and amylopectin, which has glucose branches linked by an a-
1,6-glycosidic bond, whereas cellulose consists of glucose
monomers linked with a b-1,4-linkage.40

Starch-based materials are biocompatible and have no
known toxic effect on humans, making them useful for medical
devices, but their applicability is limited. They have poor
mechanical strength, lack thermal stability, and have inade-
quate physical characteristics such as high gas permeability,
low melting temperature and fragile structure.39,41 In this case,
plasticisation of starch is a common way to overcome its
632 | RSC Sustainability, 2026, 4, 628–649
brittleness and delicate nature, which increases its exibility,
and thus processability. Plasticisers such as glycerol and
sorbitol can be added, creating a marketable form of starch-
based plastics, namely thermoplastic starch (TPS).42 TPS mate-
rials are sensitive to moisture, leading to degradation and
microbial growth.28 This indicates that starch-based materials
are less suitable for consumables that must be in contact with
bodily uids such as blood, urine, and saliva but are good
alternatives to packaging disposable medical items. Besides
medical packaging purposes, agar-based biodegradable plastics
are suitable for food packaging due to their sufficient tensile
strength.43 Other starch-based biopolymer products used as
green materials in food packaging include disposable
containers and cutlery.44

Cellulose offers better mechanical strength than starch-
based materials but exhibits similar drawbacks. Cellulose and
starch can be blended to improve the lower hydrophobicity,
thermal properties and tensile strength of starch-based lms.45

Given that cellulose and starch only contain glucose monomers,
it is impossible to change their monomer composition. The
only factor that can be adjusted in starch-based materials is the
number of branches. Starch and cellulose can be modied
physically, chemically, and enzymatically and are oen blended
with other biodegradable polymers to enhance their limiting
properties.41 TPS is oen blended with PLA and PCL to improve
its unsatisfactory water uptake and weak mechanical charac-
teristics.42 However, blending can complicate recycling.39

2.3.2 Polylactic acid and polyglycolic acid. PLA is one of the
most widely used bioplastics, which is produced from lactic
acid (LA) monomer via chemical or fermentative synthesis.
Chemical synthesis produces a racemic mixture of L- and D-
lactic acid enantiomers from lactonitrile hydrolysis with strong
acids,46 while microbial fermentation can produce pure L- or D-
lactic acid from carbohydrates from various crops and waste
streams using natural and genetically modied microorgan-
isms,47 with bacterial fermentation accounting for approxi-
mately 90% of lactic acid production.46 The polymerisation of
LA into PLA depends on the LA production method and purity,
affecting the molecular weight. Given that the building block of
PLA is LA, no variations in monomeric composition are present
apart from the enantiomer variation in PLA.47
© 2026 The Author(s). Published by the Royal Society of Chemistry
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The stereochemistry of the LA monomer has a direct impact
on the crystallinity of the end PLA polymer. Higher percentages
of L-LA (L-lactic acid) monomer make the PLLA (poly-L-lactide)
polymer more crystalline. As a result of its more crystalline
structure, PLLA has a more packed polymer chain, which
increases its melting temperature (Tm) and glass transition
temperature (Tg), as well as its degradation time. Given that Tg is
a crucial factor for heat capacity, mechanical and rheological
properties, all the physical characteristics of the polymer
change depending on the amount of L-LA in its polymer chain.46

PLAs are biocompatible, non-toxic materials used for
producing durable and disposable goods, bre production,
agriculture, and medical applications.47 The broad application
area of PLA also includes food packaging, while bers are used
in the textile industry to manufacture pillows, mattresses,
duvets, and activewear utilizing their moisture management
properties.48 Before the '90s, PLA was restricted to medical
devices due to its high production costs and restricted molec-
ular weight. With the progress in production technologies,
these issues have been solved. PLA could be produced on
a larger scale with various molecular weights, making it more
accessible and increasing its applicability in the medical eld
with time.49 However, despite its good mechanical properties,
transparency, melt-processing ability and slow degradation
rate, PLA is very brittle and has low thermal stability and poor
gas barrier properties, limiting its use in packaging and textiles.
In the medical sector, the implementation of PLA is signi-
cantly inuenced by the release and build-up of lactic acid
monomer during the degradation of PLA-based medical
implants, causing a decrease in the pH of the surrounding
tissue, which leads to acidosis.50 There are reported cases of
mild to extreme osteolysis caused by acidosis in patients who
received PLA implants such as screws, pins, and plates.51 PLA
can be blended with other polymers to overcome its limitations
and poor mechanical properties, such as acidosis and inade-
quate tensile properties, respectively. Blending PLA with poly-
glycolic acid (PGA) or additives such as buffering salts results in
less acidic byproducts and better hydrolytic stability of the
polymer.50 Also, the mechanical properties of PLA, such as
toughness, are improved by blending it with other thick poly-
mers and controlling its plasticisation.47

PGA is a highly crystalline polymer with a high melting and
glass transition temperature and degrades through hydrolysis
of its ester bonds, producing the non-toxic glycolic acid
monomer. Its biodegradation speed depends on the size, crys-
tallinity, length and the hydrophilic end groups of the poly-
mer.52 Given that PGA degrades faster than PLA due to its higher
hydrophilicity, it is used for medical purposes when the mate-
rial is intended to be absorbed by the human body. Aer
degradation in the body, glycolic acid dimerizes into glycolide,
which is later excreted from the kidneys.53,54 However, PGA can
be degraded by autoclaving and dry heating and should be
sterilised with gamma-radiation or electron beam irradiation
before use, making it less suitable for sterile laboratory
practices.52

Alternatively, its high crystallinity, thermal stability and
excellent gas barrier properties make it ideal for high-
© 2026 The Author(s). Published by the Royal Society of Chemistry
temperature and gas-sensitive uses such as packaging mate-
rials. However, despite its promising advantages, the high
crystallinity, insolubility and brittleness of PGA limit its use.
Therefore, PGA is oen blended with PLA to form copolymers,
which improves its performance and usability, creating poly(-
lactic-co-glycolic) acid (PGLA). A copolymer consists of two or
more different polymeric monomers in the same polymer chain
to create a new polymer with diverse physical and chemical
characteristics.55 The crystallinity and hydrophobicity of this
copolymer can be adjusted by changing the crystalline hydro-
philic PGA and hydrophobic PLA ratio in the polymer chain.
Therefore, the degradation speed and mechanical characteris-
tics of the copolymer can be ne-tuned. PGLA is mainly syn-
thesised through ring-opening of lactic acid and glycolic acid
copolymerisation and is used as surgical sutures.56

2.3.3 Polyhydroxyalkanoates. PHAs are biocompatible,
non-toxic biopolymers synthesised by bacterial fermentation.
Microorganisms naturally synthesise these aliphatic polyesters
in intracellular granules named carbonosomes.57 Over 150
monomers, predominantly (R)-b-hydroxy fatty acids, have been
identied, enabling thousands of PHA copolymer variations
with different monomers, with polyhydroxybutyrate (PHB)
being the most prevalent PHA.2,57 PHAs are classied into three
groups based on the chain length of their monomer including
short-chain PHAs (3–5 carbon atoms), medium-chain PHAs (6–
14 carbon atoms) and long-chain PHAs (15 or more carbon
atoms).42 Short-chain PHAs, such as PHB, are brittle, stiff, have
high melting temperatures, lower elongation at break, and high
crystallinity. In contrast, medium-chain PHAs have lower
melting temperatures and are elastomeric. Therefore, a specic
combination of short-chain and medium-chain monomers can
alter the mechanical and thermal properties of PHAs.58 Besides
monomeric combinations of scl- and mcl-PHAs, specic added
chemical functionalities and crosslinking of polymers inuence
their properties such as transparency, strength, exibility,
brittleness, and biodegradability.9,59,60 The possible adjustment
and versatility of the barrier and mechanical properties of PHAs
allow the production of a broad range of medical products that
meet strict safety and performance standards.24,37 The adjust-
able characteristics of PHAs make them versatile polymers not
only suitable for medical products, such as dressing materials
for surgery or swabs, but also other possible applications such
as pressure sensors in sound instruments and keyboards, and
shock wave sensors.61 Moreover, due to their gas-barrier prop-
erties, these polymers are suitable for applications in the food
and beverage industry as packaging including disposable cups.
Furthermore, the monomeric composition of the polymer is
dened by the fermentation conditions, microbial strains and
feedstock substrates used.62

PHAs are fully biodegradable under a broad spectrum of
environmental conditions, with minimal effect from tempera-
ture.39 The degradation of PHAs can take from 60 to 365 days in
soil and 14–90 days in seawater, and they do not need specic
industrial composting conditions such as PLA.42 For example,
a copolymer of PHB degraded by 80% aer one year in the
natural marine environment.63 Biodegradability varies by the
monomer composition, as PHA homopolymers (e.g. P3HB)
RSC Sustainability, 2026, 4, 628–649 | 633

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00557d


T
ab

le
2

P
ro
p
e
rt
ie
s
o
f
b
io
d
e
g
ra
d
ab

le
an

d
b
io
b
as
e
d
p
la
st
ic
sj

B
io
de

gr
ad

ab
le

bi
ob

as
ed

pl
as
ti
c

Pr
im

ar
y

ca
rb
on

so
ur
ce
s

de
ri
ve
d
fr
om

bi
om

as
s

M
on

om
er

st
ru
ct
ur
e

C
la
ri
ty

&
co
lo
r

M
ec
h
an

ic
al

pr
op

er
ti
es

B
ar
ri
er

pr
op

er
ti
es

T
h
er
m
al

pr
op

er
ti
es

R
ep

la
ce
m
en

t
fo
r

T
en

si
le

st
re
n
gt
h

(M
Pa

)

E
lo
n
ga

ti
on

at
br
ea
k

(%
)

Y
ou

n
g'
s

m
od

ul
us

(M
Pa

)

W
at
er

va
po

ur
tr
an

sm
is
si
on

ra
te

(W
V
T
R
)
[g

m
−2

da
y−

1 ]
(2
3
°C

,8
5%

D
R
H
)

O
xy
ge
n

tr
an

sm
is
si
on

ra
te

(O
T
R
)

G
la
ss

tr
an

si
ti
on

te
m
pe

ra
tu
re

(T
g;
°C

)

M
el
ti
n
g

te
m
pe

ra
tu
re

(T
m
;°
C
)

H
ea
t

de

ec
ti
on

te
m
pe

ra
tu
re

B
(°
C
)

St
ar
ch

bl
en

d
(T
PS

b
le
n
d
)

Su
ga

r,
st
ar
ch

A
m
yl
os
e
&

am
yl
op

ec
ti
n

O
pa

qu
e,

se
m
i-

tr
an

sp
ar
en

tf
30

.2
d

5.
8%

d
14

46
d

70
.2

d
18

1–
22

9d
50

d
14

9d
47

d
PS PP

C
el
lu
lo
se

ac
et
at
e
Su

ga
r
&

ce
llu

lo
se

G
lu
co
se

T
ra
n
sp

ar
en

tg
44

.2
d

4.
3%

d
43

88
d

11
1.
9d

26
5–
30

8d
11

8d
23

1d
90

.5
d

PV
C

PL
A

Su
ga

rs
La

ct
ic

ac
id

C
le
ar
-y
el
lo
w
c,
e

58
b
–

74
.4

d
3–
30

%
c,
d

34
35

d
35

.5
d

15
5–
18

0d
51

d
14

5b
,d

53
.9

d
H
D
PE

a

PP
a

PV
C

PS
PG

A
Su

ga
rs

G
ly
co
li
c
ac
id

T
ra
n
sp

ar
en

th
14

1.
4d

2.
5%

d
73

11
d

1.
6d

0.
01

–0
.3
9d

44
d

23
0d

19
9.
2d

PE H
D
PE

PS
PH

A
PH

B
Su

ga
rs
,f
at
ty

ac
id
s
&
oi
ls

3-
H
yd

ro
xy
bu

ty
ra
te

O
pa

qu
e,

ye
llo

w
is
h
i

43
.9

b
1.
6%

b
35

10
d

5.
5d

20
–2
3d

5d
18

2b
,d

13
8.
4d

PV
C
a

PP PS
PH

B
V

Su
ga

rs
,f
at
ty

ac
id
s
&
oi
ls

3-
H
yd

ro
xy
bu

ty
ra
te

&
3-
h
yd

ro
xy
va
le
ra
te

O
pa

qu
e,

ye
llo

w
is
h
i

40
.2

d
1.
6%

d
34

69
d

5.
5d

21
–2
3d

6d
18

0d
14

1.
7d

PV
C

PP
PH

B
H

Su
ga

rs
,f
at
ty

ac
id
s
&
oi
ls

3-
H
yd

ro
xy
bu

ty
ra
te

&
3-
h
yd

ro
xy
h
ex
an

oa
te

O
pa

qu
e,

ye
llo

w
is
h
i

19
.8
–

31
.3

d
12

–1
5%

d
79

6–
15

46
d

7.
9–
11

.6
d

59
–1
27

d
1–

3d
12

1–
15

8d
65

.8
–9
7.
5d

PV
C

LD
PE

/H
D
PE

a
R
ef
.2

4.
b
R
ef
.7

2.
c
R
ef
.7
3.

d
R
ef
.7

4.
e
R
ef
.7
5.

f
R
ef
.4

2.
g
R
ef
.7
6.

h
R
ef
.7

7.
i
R
ef
.7

8.
j
Pr
op

er
ty
va
lu
es

m
ay

va
ry

de
pe

n
di
n
g
on

th
e
m
ea
su

re
m
en

tm
et
h
od

ol
og

ie
s
as

w
el
la
s
th
e
st
an

da
rd
s
an

d
te
st
in
g

co
n
d
it
io
n
s
ap

pl
ie
d
.T

h
ey

sh
ou

ld
n
ot

be
co
n
si
d
er
ed

ab
so
lu
te

be
n
ch

m
ar
ks
.

634 | RSC Sustainability, 2026, 4, 628–649 © 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Sustainability Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/2
9/

20
26

 1
1:

18
:1

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00557d


Critical Review RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/2
9/

20
26

 1
1:

18
:1

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
generally have a lower degradation rate than copolymers such
as PHBV.64 Thereby, PHAs can fully biodegrade as the polymers
break down into CO2 and H2O under aerobic conditions or
methane under anaerobic conditions.57 Microbes grow because
they use PHA as a carbon source, and also microbiological
cellular waste forms. In a controlled environment, the degra-
dation of PHA waste plastic is a potential fermentable renew-
able feedstock for the production of PHA materials.65,66

The main drawback of PHAs is their high production cost,
which is driven by their energy-intensive, environmentally
unfriendly downstream processing. PHA extraction requires
breaking cells and purifying the polymer by removing the
residual biomass, chemicals and waste.67 Advances in eco-
friendly extraction methods, such as enzymatic treatments,2

autolytic microbial strains, phages,68 and supercritical uids,69

aim to lower costs and improve sustainable scalability.
Although PLA- and starch-based bioplastics are very useful

due to their advantages such as low cost and high availability,38

their limitations of specic biodegradation conditions and poor
mechanical properties, such as brittleness and low thermal
stability, can only be overcome by blending them with other
materials. PHA copolymers are a more reliable and sustainable
option for medical applications, ensuring environmental and
health safety.
2.4 From conventional plastics to biodegradable and
biobased plastics

Different applications require plastic materials with specic
characteristics, including a wide range of characteristics such as
mechanical properties, which determine how a material
responds to physical stress such as stretching and bending;
barrier properties, referring to the ability of materials to restrict
the passage of water and gases through their structure; thermal
properties, which are necessary to understand how materials
behave during heat-based processes such as sterilisation and
processing; and optical properties such as clarity, and color,
affecting the application materials are used in, such as clear
packaging.70,71 Understanding these characteristics is crucial in
evaluating the suitability of biobased plastics for replacing
conventional plastic materials, where their material properties
must align with the requirements of fossil-based plastics. Table
2 provides the general specications of biobased biodegradable
plastics. As shown, starch-based bioplastic TPS, cellulose
acetate, PLA, PGA, and PHA exhibit unique characteristics that
vary signicantly, inuencing their functionality as replace-
ments for conventional plastics in the medical eld.

Packaging is a major contributor to plastic waste in hospi-
tals, including blister packs, sterile wrappers and containers
made from PS and PE, which require strong barrier properties.
Barrier properties refer to the ability of materials to restrict the
passage of water and gases through their structure. Controlling
the barrier and exchange of gases helps to preserve quality and
functionality.79 Environmental conditions signicantly inu-
ence the barrier properties of materials. Therefore, oxygen tests
need to be performed in different relative humidities. Starch
blends and cellulose-based materials have a higher water
© 2026 The Author(s). Published by the Royal Society of Chemistry
vapour and oxygen transmission rate than other bioplastic
materials. This increases their moisture sensitivity, which could
lead to a reduction in mechanical strength and changes in
material properties, limiting their use in humid environments
and extended storage.80 Their oxygen transmission rate (OTR) is
higher than that of PHB, PHBV and PGA, making PLA and
PHBH better replacement packaging materials, such as pack-
aging made of HDPE. For the identication of products, the
packaging needs to be transparent. In this case, PLA and PHA
can have a yellowish color, and thus transparent materials such
as cellulose and PGA would function better in this application.
Additionally, PHAs have a high HDT, suggesting their strong
potential for packaging and equipment requiring heat-based
sterilization. Nowadays, PHAs are used for the production of
diapers, bottles39 and cups by the company Happy Cups (The
Netherlands). These cups show the potential use of PHAs as
drinking cups, medicine cups or packages. Cups are moulded,
but the application of PHAs can be broadened due to 3D-printed
laments.81 The global PHA organisation GO!PHA shows the
applications of lms, containers and bags produced by various
companies.82

Catheters can be made out of PVC, a exible, bendable
material. Thus, owing to their enhanced exibility, adjustable
PHAs and PLAs are good alternatives to PVC, especially given that
PVC is used in rigid forms too, e.g. protective gear. However, PLA
might need some plasticizers to adjust its mechanical properties.
Thereby, catheters must not leak or break under particular pres-
sure, making bioplastics with higher tensile strength, such as
PGA, of particular interest to ensure safety and durability.83 PHBH
exhibits a much lower tensile strength, which makes it better to
replace products where elasticity and soness aremore important
than tensile strength, such as gloves. Labware and syringes can be
made out of PP. PP is a stiffer material that could be replaced by
PLA based on the mechanical properties such as tensile strength
and elongation at break of the latter. PHB and PHBV are more
brittle than PP. However, if PP products need to be more exible,
such as IV bags, protective gear and tubing, their exibility can be
tweaked based on the percentage content of 3HV of PHBV. PLA
has a Young's modulus close to that of PHB and PHBV, which is
higher than that of PHBH but lower than that of PGA. PS is used
in labware and packaging as well. The rigid versions of PS can also
be replaced by PHB and PLA based on their mechanical proper-
ties. PLA performs adequately in moderate processing environ-
ments, though it may not be ideal for equipment requiring
frequent sterilisation as it has a lower HDT.

Determining the thermal properties of materials, such as
their melting and glass transition temperatures, is necessary to
understand how they behave during heat-based processes such
as sterilisation and manufacturing with melt electro-writing
and injection moulding.74 In general, equipment requiring
frequent sterilization needs to have higher thermal stability.
The heat deection temperature (HDT) is when a polymer
begins to deform under a specied load. It is a key property used
to assess the thermal stability of materials, and consequently
their resistance to sterilization conditions.84 A higher HDT
means that the polymer can resist higher temperatures during
sterilization. PHA and cellulose acetate have a higher HDT than
RSC Sustainability, 2026, 4, 628–649 | 635
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other biobased polymer materials, which makes them more
suitable options for manufacturing equipment that needs to be
sterilised by heat.

Replacing traditional plastics with biodegradable, biobased
alternatives depends mainly on the specic application and
intended use of the product. Ultimately, the choice of bioplastic
must balance factors such as mechanical strength, biodegrad-
ability, cost, and environmental impact, ensuring that the
material meets the functional requirements of the product,
while being sustainable.
3. From recycling to circular

Hospitals, healthcare facilities and laboratories for clinical
research generate enormous plastic waste due to the need for
sterile and disposable medical products. Consumer products,
mostly made from conventional plastics, pose environmental
challenges in hospital environments, particularly waste
management and recycling.85 Additionally, a signicant portion
of this waste is classied as contaminated, meaning it has come
into contact with human bodily uids, pathogenic sources, or
other possibly hazardous biological materials. Consequently, it
poses a potential risk of infection or disease transmission when
not properly disinfected, effectively disabling reduce, reuse and
repair options. Given that this polymeric waste varies in terms
of type, composition, properties, and other factors, it is essen-
tial to separate them before recycling. Manual sorting, otation,
and X-ray sorting are examples of waste separation methods.
Each group of sorted waste can then undergo the appropriate
recycling method for its category. This approach enhances both
the efficiency and quality of the nal recycled product.86,87
3.1 General plastic recycling practices

Material recycling can occur through physical, chemical,
mechanical, biological or energy recovery methods based on
Table 3 Advantages and disadvantages of different methods for recyclin

Recycling method Operational steps Advantage

Mechanical recycling Recycling polymers by: - Cost-effe
- Grounding - Simple a
- Melting with an extruder
- Compounding and
moulding

Chemical recycling Depolymerisation of
polymers with:

- High-qu
productio

- Chemical solvents - Can han
and mixed

- High-temperature
degradation (in the presence
or absence of oxygen)

- Suitable
polymers

Energy recovery Incineration of plastic waste
to produce heat and energy
before landlling

- Non-recy
waste goe
energy
- Reduces
for land
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type, composition and properties. Mechanical recycling is one
of the most widely used methods. Firstly, plastic waste is
cleaned and ground into smaller particles. The ground material
is then melted using an extruder and reformed in further
processes such as moulding. Unfortunately, due to the high
shear rates and temperatures, there is a signicant decline in
the quality of most of the properties of materials in this
method.88 In the chemical recycling process, the polymer
material is broken down into its original monomers and reused
in polymerisation. The depolymerisation of polymer waste can
be achieved using special solvents, such as toluene, xylene, and
tetrachloroethylene, or high-temperature degradation, either in
the presence or absence of oxygen.88–91 As a result, the polymer
material is broken down into its original monomers and reused
in polymerisation. However, the use of special solvents, need for
complex recycling units, and high energy consumption are
signicant drawbacks of this method.92 Finally, energy recovery
methods are employed when plastic waste is no longer suitable
for recycling. This process involves incineration to generate
heat and electricity at the cost of greenhouse gas emissions. At
this stage, plastic waste reaches the end of its life, as it is no
longer part of a circular economy.63 Table 3 provides an overview
of these three recycling methods.
3.2 Hurdles in medical plastic waste recycling

In the context of medical plastics, their recycling is more
complex. The potential contamination of hospital waste with
various viruses, bacteria, blood or other body uids poses
challenges for recycling processes, prioritising incineration or
landll.10 Regulations are needed to ensure patient safety,
minimise infection risks, and maintain hygiene.94 Firstly,
accurately and correctly separating the waste is necessary as
medical devices and packaging frequently combine different
plastics and other materials. Medical staff must be trained to
separate plastics and other materials such as metals correctly.10
g plastics

s Disadvantages Reference

ctive - Quality reduction 88
nd widely used - Not suitable for all

polymers

ality material
n

- High energy consumption 92

dle contaminated
waste

- Requires complex and
expensive facilities

for a wide range of - Environmental risks due to
solvents

clable plastic
s to valuable

- Emissions and air pollution 63 and 93

the waste volume
lls

- No plastic elimination, but
reduction
- Not a part of a circular
economy
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For a used hospital product to enter the normal recycling cycle
or landll, it is essential to ensure it is entirely free of any risks
or contamination. Various methods can be used to eliminate
pathogens depending on the type of waste and contamination.
Processes to eliminate contamination can be divided into two
categories, waste destruction and waste sterilisation processes,
as illustrated in Fig. 3 (ref. 95).

Waste destruction processes occur at higher temperatures,
leading to material breakdown. This category includes
processes such as incineration, pyrolysis, gasication and
plasma.95 Unfortunately, using the waste as feedstock in recy-
cling units is impossible, and the destroyed waste ends up in
landlls. However, waste destruction processes can also be used
to generate energy. Table 4 details various destruction
methods.96

In contrast, waste sterilisation processes are carried out at
lower temperatures using autoclaves, microwaves, and chem-
ical disinfection. Sometimes, the hospital waste output from
these processes can be used as raw materials in general recy-
cling units. Table 5 provides more detail about sterilisation
methods.96

By reviewing the above-mentioned content, it is clear that
managing hospital waste involves many additional challenges
in sterilising it before recycling. One of the reasons why hospital
waste recycling is not widely accepted in many regions is the
difficulty in dealing with these challenges. In many countries,
there is insufficient management for segregating hospital waste
at the source, and sterilising all of this waste requires a signi-
cant budget. As a result, the cost of recycling medical waste
becomes relatively high, and thus governments to prefer to
minimise costs through landll disposal or incineration.
However, this approach has a signicant environmental impact
Table 4 Processes for medical waste destruction, their operational con

Destruction process Operational conditions Advantages

Incineration 800–1200 °C with oxygen - Suitable for
hospital was
- Serious red
volume
- Sterilized w
- Energy reco

Pyrolysis 540–1000 °C without oxygen - Suitable for
hospital was

- Reduce was

Plasma Over 3000 °C - Destruction
or hazardous
- Energy reco

Gasication 900–1100 °C with a small
amount of oxygen

- Energy reco
- Prevents th
dangerous n
halogenated
compound

© 2026 The Author(s). Published by the Royal Society of Chemistry
as it releases greenhouse gases and harmful pollutants into the
atmosphere and generates high energy demand. Incineration of
one-time-use plastics breaks the recycling loop and makes it
impossible to recover resources, perpetuating a linear
economy.105 This limitation highlights the need for alternative
recycling solutions that align with circular economy principles.

3.3 Biobased and biodegradable plastics as a circular
solution for medical waste

Using biobased and biodegradable plastics instead of fossil
non-biodegradable plastics in the medical industry could lower
the impact of the medical sector on plastic consumption as it is
a solution to prevent the incineration of plastic waste. In
addition to mechanical and chemical methods for the recycling
of fossil-based plastics, these biodegradable materials can be
recycled through anaerobic digestion, composting or enzymatic
methods, providing new end-of-life options and potential for
circularity.9,63 Fig. 4 shows an overview of the classical and new
recycling procedures related to biodegradable plastic waste. As
indicated, mechanical recycling and cleaning waste will
decrease the quality of the plastic, oen leading to the down-
cycling of materials into lower-value products and requiring the
addition of new virgin material to preserve the quality of the
mechanically recycled material.106 In contrast, employing
specialized microorganisms, enzymes, or a combination of
both, biodegradable polymer waste can be specically depoly-
merised into building blocks for new products, so-called
carbon-rich feedstock.107 The degradation products, which are
all carbon molecules, can be used in microbial fermentation to
make newmaterials. In this way, the quality of the plastic will be
preserved, which is a signicant advantage of biodegradation
and enzymatic recycling. In biodegradation, polymers degrade
ditions, advantages and disadvantages

Disadvantages Reference

all types of
tes

- Release of carbon dioxide,
ashes, and other dioxins

95 and 97

uction in waste - Contributes to air pollution
and greenhouse effect

aste - Expensive
very
a wide range of
te

- Release of nitric oxide,
carbon monoxide, and
sulfuric dioxide

98 and 99

te volume - Contributes to air pollution
and greenhouse effect
- High operation costs

of pathogens
agents remain

- High operation cost 97 and 100

very - Require technical
personnel to operate the
system

very - More energy requirement
for waste with high
percentages of humidity

95, 97 and 101
e formation of
itrogenous,
and sulfur
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Table 5 Processes for medical waste sterilisation, their operational conditions, advantages and disadvantages

Sterilisation process Operational conditions Advantages Disadvantages Reference

Autoclaves 120–130 °C with pressure
and steam

- Simple operational
technology

- No reduction in waste
volume

97 and 98

- In use for many years - Need for extra shredding
for volume reduction

- Sterilization of the waste - Need for extra drying
- Low costs - Not suitable for all types of

wastes
Chemical disinfection Combining waste with

chlorine-based & non-
chlorine-based chemicals

- Controlled process - High operation cost 102 and 103
- Different processes for
different types and levels of
waste

- Environmental issues
caused by the use of
chemicals

Microwaves - Uses high intensity of
radiation and moisture
inside the waste

- Simple technology - Not suitable for all types of
wastes

104

- Low energy consumption - High operation costs
- Minimal emission
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under aerobic or anaerobic conditions using microorganisms
as whole-cell catalysts. Under aerobic conditions, e.g. in soil and
marine, biodegradable polymer waste degrades into CO2 and
H2O.108 Leover compost can be used in the agricultural
industry as nutrition for soil.9

Biodegradation in at-home and industrial composting still
has a linear life cycle as it threatens plastics such as single-use
plastics, as compost is an only product and the polymer is not
recycled into new products.109 Valuable intermediates must be
extracted as much as possible to maximise the benets of
composting. Anaerobic biodegradation, including classic com-
posting, occurs when the polymer degrades without oxygen,
also called anaerobic digestion, which can extract valuable
intermediates in controlled environments. This process gener-
ally occurs in four stages, as presented in Fig. 5. The rst stage is
hydrolysis, where bacteria release enzymes, such as depoly-
merases, to break down complex biological macromolecules
such as proteins, lipids and carbohydrates into monomers and
oligomers of amino acids, fatty acids, and sugars. During this
fragmentation, the polymer is cleaved into a more
Fig. 4 Bioplastic recycling methods. Green: recycling of biodegradab
BioRender.com.

638 | RSC Sustainability, 2026, 4, 628–649
straightforward form before it is further degraded and assimi-
lated by microorganisms.110 The second step is acidogenesis,
which is the absorption and conversion of these products into
intermediates such as volatile fatty acids (VFAs) via acidogenic
microorganisms.63,111 In the third stage, acetogenesis, the
conversion of intermediates to acetic acid, hydrogen and carbon
dioxide occurs. In the nal methanogenesis step, methanogenic
organisms use the intermediates to produce methanol for
energy recovery.63,111 The produced carbon-rich intermediates,
such as VFAs, alcohols, and carbon dioxide, are used as feed-
stock for producing PHAs, highlighting the circularity of
biodegradable polymers, using biodegradation as a functional
property.62,112 However, due to contamination risks in medical
waste, disinfection processes must be performed, which could
affect their biodegradation. Hereaer, leover unprotable
compost must be checked for any toxic products, or it needs to
go to incineration to reduce the risks of widespread pathogens.

The speed of the biodegradation of biodegradable plastics
depends on various physical and chemical factors such as the
molecular weight, crystallinity, and presence of impurities and
le bioplastics with a preserved quality. Figure created with https://

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 General steps of biodegradation as a recycling process and generated valuable products. Colours show valuable products of a circular
economy, while compost is a linear life cycle product. Created with https://Biorender.com.
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additives in the polymer, and environmental conditions such as
temperature, pH, humidity, and oxygen levels. Studies on semi-
crystalline polymers indicate that microbes rst target the more
exible amorphous regions of the polymer during degradation,
and then attack the crystalline regions.113 Amorphous regions
allow the permeation of moisture and microorganisms,
increasing the available surface area.110 Based on this process, it
can be stated that polymers with high crystallinity, such as
PLLA, undergo degradation much more slowly than other
polymers with lower crystallinity.114 This shows that the
degradability of biodegradable plastics differs under different
conditions and the needed microbial community composition
and is highly inuenced by the material itself. A broad range of
conditions is needed to fully convert a mix of biodegradable
plastic waste into monomers and oligomers by these whole-cell
biocatalysts.115 However, biodegradation can extract the chem-
ical potential of polymers by creating specic product streams
that can be upcycled and recycled. This feature is especially
desirable in plastic products of different polymers, such as
layered plastics and textiles.107 In the case of polymer waste with
both biodegradable and non-biodegradable polymers, degra-
dation will continue until the non-biodegradable polymer
comes into contact with the degrading enzyme or microor-
ganism.113 Hereaer, materials could be used in other standard
recycling methods. This shows that even waste streams with
partially biodegradable plastic materials can be recycled.
However, blending biodegradable and non-biodegradable
polymers complicates their recycling.116

Instead of using specic conditions with microorganisms to
depolymerise plastic materials, specialised enzymes can be
used. Enzymatic degradation offers a more circular life cycle
than using whole-cell catalysts as a recycling method. The
monomers of plastics are fully recovered and not used as an
energy source for microorganisms to grow. Thereby, this
method generates no compost as a product.107 Unlike
© 2026 The Author(s). Published by the Royal Society of Chemistry
conventional plastics, the monomers and oligomers of
degraded biobased and biodegradable plastics can re-enter the
production cycle as virgin carbon-rich feedstock aer proper
treatment. Given that enzymatical biodegradation is a very
attractive method for the biodegradation of plastic waste,
advanced techniques for enzyme discovery are reviewed even to
degrade conventional plastics such as PE and PS.117 However,
regarding sustainability, plastics must be from a biobased or
renewable origin.

Cellulose-based plastics, such as cellulose acetate, are
degraded through microbial esterases that cleave the acetate
groups of polymers. Cellulases can further hydrolyse the
remaining backbone, resulting in glucose monomers.118 Starch-
based materials follow a similar pathway, where amylolytic
enzymes such as alpha-amylase break down starch into glucose
monomers.119 In microbial biodegradation, glucose is directly
used as the carbon source, limiting microbial degradation as
a recycling method. However, monomers can be repurposed in
cell-free enzymatic degradation. The obtained glucose can even
be used for bioethanol production120 or as a carbon source for
new microbial fermentation, enabling a closed-loop system.121

Currently, PLA is only degraded under industrial aerobic
composting settings at high temperatures of 50 °C to 70 °C with
high humidity and the presence of microbial activity, as resi-
dential composting takes up to 60 days.122,123 Using puried
enzymes and specialised microbes speeds up the biodegrada-
tion process. Essential enzymes in PLA degradation are prote-
ases (serine proteases), lipases (esterase) and cutinases, as they
process PLA into its constituent monomer, lactic acid and
oligomers of lactic acid. Proteinase K is one of the most capti-
vating enzymes in the biodegradation of PLA.124 Aer isolating
these proteins in high concentrations, the maximum capacities
of these enzymes depend on the environmental conditions and
polymer properties.125
RSC Sustainability, 2026, 4, 628–649 | 639
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PHAs are another type of polymer that can completely
decompose in various environments, such as soil and fresh
water lakes. Similar to all biobased polymers, the degradation of
PHAs can occur in aerobic and anaerobic environments,126

resulting in different degradation products. The degradation of
PHAs is catalysed by two main enzymes, PHA hydrolase (PhaY)
or PHA depolymerase (PhaZ).57 The enzyme hydrolyses PHAs
into water-soluble intermediates, which can be used as carbon
and energy for growth.127 Various factors inuence the activity of
the enzyme, including chemical composition and complexity,
which are inuenced by the monomeric composition.57 PHA
depolymerase can be produced intracellularly and extracellu-
larly. The intracellular enzymes depolymerize the polymer when
needed for the metabolism of the bacteria in harsh environ-
ments. Extracellular depolymerase can depolymerize materials
in the environment into monomers, which can be recycled into
new products.128

Reusing monomers such as glucose, lactic acid, and 3-
hydroxy alkanoates reduces the demand for feedstock for
plastic production. This approach supports a circular economy
as plastic waste is transformed into valuable feedstock to make
new biomaterials, biofuels and specialised chemicals. Further-
more, as medically contaminated materials are entirely frag-
mented and processed by microorganisms to create new
materials, this may even present new opportunities for regula-
tory routes regarding safety. Implementing biobased and
biodegradable plastics in major plastic industries could
signicantly reduce greenhouse emissions, while contributing
to the circular economy and sustainability.
4. Rethinking waste management:
challenges in recycling biobased
biodegradable clinical waste

As stated before, the current approach for waste management
by the healthcare sector relies on incineration. However,
although this is highly effective in limiting biological hazards, it
results in the loss of valuable resources, and it does not align
with circularity principles, such as resource recovery, material
use and waste minimisation. This reliance is recognised as
unsustainable, and transitioning to a sustainable future
requires an evolved sustainable waste management system. The
current approach is a segregation strategy, where reusable
plastics must be separated from contaminated waste streams
before incineration or landlling. Various types of waste are
divided into different containers as a rst step of waste
management. Consequently, uncontaminated materials can be
reused or recycled classically whenever possible.129However, the
ultimate goal is to create a circular biobased system where all
plastic from the healthcare sector is recycled. In this vision,
biobased and biodegradable materials must be cleaned,
correctly separated, and processed for circular recycling,
keeping the materials within the loop. To achieve this, society
must rethink the waste management system to prioritise
circularity, while addressing contamination risks differently.
640 | RSC Sustainability, 2026, 4, 628–649
Although shiing to biobased and biodegradable materials
is promising, handling waste materials presents signicant
challenges. The key issue is raising social awareness. Addi-
tionally, regulatory, infrastructure, and technological hurdles
must be addressed alongside cost considerations. Various
initiatives have been launched to tackle these challenges and
integrate biobased and biodegradable materials as a sustain-
able alternative.

4.1 Navigating through regulations and legislation

The circular economy and waste management have become
priority topics for authorities and global organizations, espe-
cially in the healthcare industry, one of the most signicant
contributors to plastic waste creation. To achieve this, policy-
makers in each country work on aligning developments with
related regulations to help implement a better circular system.
One of the ways of implementing this idea is the reuse principle.
Reusing single-use medical equipment has been accepted by
following strictly regulated rules in some countries such as the
USA and Germany. However, this is still not a system accepted
and practised by the majority.130

Although many countries mandate the incineration or ster-
ilization of medical waste, regardless of its recyclability, to
prevent health risks, this approach presents challenges due to
inconsistent decisions on managing medical plastic waste
specically. This inconsistency results in a lack of universally
standardized guidelines for disposing of or sterilizing medical
plastic waste for reuse. Thus, to ensure the safe practice of reuse
principles, it is crucial to critically evaluate the requirements,
including preliminary risk assessments, regulations, and certi-
cations during production and the validation of reprocessing
single-use medical plastics.131

Currently, no rules and regulations exist for designing recy-
clable biobased polymer products. However, new initiatives
have been started to tackle this problem and be ready when the
time comes for biobased polymers to take their place on the
stage as a greener replacement for petroleum-based polymers.
One of these initiatives is ReBioCycle, an action that is funded
by the Circular Bio-based Joint Undertaking (CBE JU) that funds
the biobased, sustainable industry in Europe.132 This initiative
aims to approach the current usage and recycling challenges of
biobased polymers by working on creating a sorting system for
mixed biobased plastics, upscaling new recycling technologies,
including mechanical, chemical, and enzymatic, integration of
these developed recycling systems into real waste management
plants, focusing on the same grade of recycled polymer as the
virgin product, and creating assessment methods for all these
planed points according to the safe and sustainable by design
(SSbD) approved the European Commission in the next 4
years.133

4.2 Costs of bioplastics and the economic feasibility

To shi to a biobased and biodegradable plastic world, these
plastics need to compete with fossil-based conventional plas-
tics, which have low production costs, bulk manufacturing and
are compatible with known infrastructures in production,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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sorting, recycling and end-of-life remediation.39 Conventional
plastics benet from years of optimisation, whereas biode-
gradable bioplastics are still under development. This maturity
gap contributes to the higher costs of bioplastics, ranging from
two to ten times the price of conventional plastics.134 Devel-
oping biodegradable alternatives for medical equipment is
a cost-prohibitive process, especially during research and
development.135 Cost-efficient bioplastic production relies on
the availability of biobased feedstocks, advances in fermenta-
tion processes, specialised production strains and efficient
downstream processing to improve yield and affordability.
Additionally, recycling and composting remain more expensive
than incineration methods.134

According to a recent report from European Bioplastics, an
organisation representing the bioplastics industry in Europe,
the global production capacity of bioplastics, both biodegrad-
able and non-biodegradable, was approximately 2.18 million
tons in 2023. This capacity is expected to grow to around 7.43
million tons by 2028 (Fig. 6A (ref. 136)). The market adoption of
biodegradable bioplastics remains low, accounting for only
about 0.2% of the total global plastic production capacity in
2023, with PLA dominating the segement at 75% of the biode-
gradable bioplastic production.134 Based on the total production
data from EUBP, the global production volumes of various bi-
oplastics can be listed and measured in tonnes per year. In
2023, 866 000 tonnes of biodegradable bioplastics were
produced, as indicated in Fig. 6B.

The amount of plastic waste generated in a single hospital is
considerably higher than the current production levels of
biodegradable bioplastics. The UMCG has approximately 1300
beds, with 0.72 kg of plastic waste per bed per day (ref. 12)
resulting in 341.640 kg of plastic waste per year in only one
Fig. 6 Global production of bioplastics in 2023 and the forecast for 2028
from European Bioplastics (EUBP). (B) Production capacities in tonnes ca
EUBP.136

© 2026 The Author(s). Published by the Royal Society of Chemistry
academic hospital centre, leaving out all laboratory research
performed. Considering the total production of biodegradable
bioplastics in 2023 of 866 000, the production of biodegradable
plastics must increase signicantly to meet the growing demand
for plastic materials in medical and laboratory applications.
4.3 Technological and logistic barriers

4.3.1 Contamination from chemical and biological
hazards. Chemical additives are carefully selected to enhance
specic properties of plastic materials, improving their proc-
essability and exibility for desired applications. For instance,
incorporating compatibilizers such as maleic acid can enhance
the durability and strength of bioplastics such as PLA, while
adding glycerol and palm oil increases their exibility.137

However, these additives introduce challenges regarding their
end-of-life processing. Ongoing material research aims to
eliminate harmful additives, such as endocrine-disrupting
chemicals (EDCs) such as phthalates and bisphenols, which
can leach into the human body and cause severe health
effects.106 Moreover, colours and pigments also impact the
recyclability of plastics, further complicating waste
management.10

In addition to chemical additives, other hazardous
substances, such as disinfectants, laboratory reagents, and
pharmaceuticals (e.g. antibiotics and cancer treatments),
complicate recycling processes and affect the quality and safety
of recycled plastics. In Finland, the plastic packaging of medi-
cines must be rinsed before being sorted into plastic waste
collection. However, this practice leads to increasing concen-
trations of pharmaceuticals in wastewater treatment plants,
ultimately leading to environmental contamination.138
. (A) Production capacities in percentage, reproduced with permission
lculated as a percentage of the total production capacities listed by the
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Medical disposables have additional challenges, as they
oen come into contact with biological uids. The plastic
disposables are labelled as possible contaminated waste,
carrying infection risks for humans. Without proper steri-
lisation, recycling can lead to cross-contamination and public
health hazards. Therefore, reuse aer sterilisation, whenever
possible should be prioritised, and governmental policies
should promote this. When reusing is not feasible, the recycling
industry must take responsibility for collecting, sorting and
processing these materials. However, due to economic concerns
and infection risks, the recycling industry remains hesitant to
dispose of medical waste. Standard operating procedures and
disinfection regulations must be implemented to ensure the
safety of people and mitigate risks.10

4.3.2 Efficient sorting for effective waste management.
With biobased biodegradable materials replacing conventional
plastics, proper medical waste segregation remains a signicant
obstacle in waste management. A waste audit in the OLVG
hospital in The Netherlands has shown that waste could be
composed of 15 types of different plastics.106 This mixture
undermines the efficiency of recycling and composting systems.
In many healthcare settings, biodegradable and non-
biodegradable waste is mixed due to inadequate separation or
insufficient training among staff. However, shiing to a work-
ow where biodegradable bioplastics are separated at the
source is logistically very complex and would require major
changes in clinics and hospitals. This so-called manual sorting
is highly labour-intensive and relies on sorting based on shape,
color, type or composition, which is important for the good
recycling of biodegradable biobased plastics.10 However, many
biobased and biodegradable plastics have visual similarity with
other conventional plastics. Clear labeling placed at the product
is important for the consumer to inform about specic prop-
erties and the correct disposal methods of the plastics.

To realise high-quality recycling, efficient and correct sorting
is essential, as the aim is to obtain high-purity streams to
produce high-quality recyclates. Biobased plastics oen closely
resemble conventional plastics in color and shape, but
advanced sorting technologies, such as density separation and
near-infrared (NIR) sorting methods and hyperspectral
imaging, can distinguish biodegradable materials from
conventional plastics as long as the spectral libraries of these
plastics can be used as a reference.139 Recently, various studies
have been conducted, such as using innovative and AI-based
waste segregation systems to address this challenge.140,141 The
National Test Centre for Circular Plastics in The Netherlands is
an example of a knowledge hub linking AI-based decision
models combined with NIR detection, hyperspectral imaging
and density-based separation modules, with waste processors
and policy developers. The data generated in these pilots are
translated into practical recommendations for material design,
labeling standards and infrastructure adaptations.142 Other
initiatives, such as digital watermarks and codes on packaging
that can be detected by high-resolution cameras, are being
researched for the separation of packaging material.143

However, further development and research are needed to
achieve this goal as digital watermarks are perhaps not suitable
642 | RSC Sustainability, 2026, 4, 628–649
for all products and the separation and recycling of biobased
plastics such as PLA from waste streams with conventional
plastics is still affected by pollution of the waste stream, and the
sorting yield with NIR is below 90%.144

4.3.3 Challenges in degradation and breakdown. Recycling
biodegradable waste requires specic conditions that are not
universally available. Each biodegradable polymer introduced
in this review requires specic enzymes or microorganisms for
its biological degradation, which may not be effective on other
polymers. Therefore, to establish an industrial cycling unit, it is
essential to have an advanced separation unit or to create
conditions that allow the simultaneous use of multiple
enzymes. Additionally, as another example, the volume: surface
ratio of biopolymers directly affects their degradation rate.
Smaller pieces degrade more quickly. As a result, a variation in
size leads to differences in the degradation rate of biopolymers,
making the process design more challenging. Temperature is
also an essential factor in biodegradability. As another example,
polymers such as PLA only degrade well above their glass
transition temperature. Given that different grades of PLA are
found in polymer waste, which may even be mixed with other
polymers, determining a specic temperature for the biodeg-
radation of all waste is a challenging task.145 Therefore, indus-
trial composting processes become complicated. Inconsistent
degradation can lead to residues in composting facilities,
reducing the overall efficiency of waste treatment, which still
needs further attention and solutions.

Another critical factor to consider when designing a recy-
cling unit is the potential formation of microplastics during the
degradation process. When polymers break down, there is
a possibility of forming small fragments of thesematerials, each
less than 5 mm in size, which are known as microplastics.146

The formation of microplastics happens in both biodegradable
and non-biodegradable polymers. While the initial stages of
bioplastic breakdown can happen quickly, the process slows
signicantly once they turn into microplastics. This is a signi-
cant environmental problem because microplastics can harm
all living creatures.72 Research has shown that the lifespan of
microplastics generated from bioplastics is much shorter than
microplastics derived from conventional plastics. For example,
microplastics from PET can remain in the environment for
hundreds of years, microplastics from PLA will break down
within a few years, and microplastics from PHA will decompose
within a few days to a few weeks. A shorter microplastic phase
limits hazardous consequences to natural environments on
microbes, animals, plants and humans. However, it is still
necessary to further investigate the risks posed by these
microorganisms and propose ways to minimize the production
of this category of materials in cycling units.126
5. Conclusion: closing the loop with
biodegradable bioplastics

The widespread use of plastics in the medical sector has
signicantly increased plastic consumption and waste genera-
tion. Although these materials offer essential benets such as
© 2026 The Author(s). Published by the Royal Society of Chemistry
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easy processing, cost-effectiveness and versatility, their fossil-
based origins contribute to environmental challenges. As
a major consumer of plastics, the healthcare industry plays
a crucial role in this issue. The transition to biobased biode-
gradable polymers presents a promising solution, reducing the
reliance on fossil fuels, while offering a novel, circular way of
disposal that mitigates plastic waste. Enzymatic recycling uses
whole-cell biocatalysts or enzymes to depolymerize biodegrad-
able polymer waste into building blocks, which can be used to
produce new products. This process creates a closed-loop
manufacturing system, preserving the quality of the plastic.
This transition will provide a sustainable end-life for plastics,
minimize environmental impact, and help to build a circular
economy.

Although replacing conventional plastics with biobased
biodegradable polymers is a sustainable and eco-conscious
choice, some hurdles must be overcome. These challenges
can be analyzed in subgroups, including insufficient awareness
and how to increase it, the absence of regulations on biobased
polymers, their usage and recyclability, the signicantly higher
production costs of bioplastics compared to conventional
plastics, and inadequate plastic sorting systems, which raises
the risk of contamination and renders plastics non-recyclable.
Additionally, both bioplastics and conventional plastics pose
concerns about generating microplastics.

The transition from conventional plastics to biobased alter-
natives is currently competitive given that conventional plastics
have a well-established infrastructure and lower production
costs. Developing a greener bioplastic system, especially
medical grade, is intricate, laborious and expensive. Regardless
of these challenges, a signicant increase in the production and
development of recycling systems that work on plastic waste is
critical to meet the demand, particularly in the medical eld.

All plastic materials form microplastics, but biobased-
sourced microplastics are shorter-lived, making them less of
a threat to the environment than conventional plastics.
Considering this, manufacturers and everyone else using these
polymers should address this microplastic formation problem.
The more effective solution is to include these biobased poly-
mers in the production-recycle loop. Consequently, the possi-
bility of producing and scattering microplastics to the
environment will be reduced and even eliminated. However,
achieving this not only depends on the developments in recy-
cling technology but also on the regulations and guidelines that
are well established to ensure the proper recycling and end-of-
life management of biodegradable biobased plastics. One
important policy is the extended product responsibility of
manufacturers, which ensures that the biobased plastics
remain their liability even aer post-production. These policies
are crucial for manufacturers to address when a product must
be produced according to its decomposition and reproduction
standards. This comprehensive review highlights routes
towards a greener medical eld, emphasizing the transition
from conventional fossil-based plastics to biobased and biode-
gradable alternatives. It underscores their potential benets
and challenges that hamper their widespread acceptance. To
ensure a successful transition and adaptation of a circular and
© 2026 The Author(s). Published by the Royal Society of Chemistry
sustainable system, addressing existing gaps through policy
development, increased research investment, and improved
global recycling systems for a sustainable, circular future is
essential.
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consortia from various environments for plastic
degradation, in Methods in Enzymology, Academic Press
Inc., 2021, vol. 648, pp. 47–69, DOI: 10.1016/
bs.mie.2020.12.005.

112 X. Liang, D. K. Cha and Q. Xie, Properties, production, and
modication of polyhydroxyalkanoates, Resources,
Conservation & Recycling Advances, 2024, 21, 200206, DOI:
10.1016/j.rcradv.2024.200206.

113 A. Banerjee, K. Chatterjee and G. Madras, Enzymatic
degradation of polymers: A brief review, Mater. Sci.
Technol., 2014, 30(5), 567–573, DOI: 10.1179/
1743284713Y.0000000503.

114 A. Shalem, O. Yehezkeli and A. Fishman, Enzymatic
degradation of polylactic acid (PLA), Appl. Microbiol.
Biotechnol., 2024, 108(1), 413, DOI: 10.1007/s00253-024-
13212-4.

115 Y. Jin, F. Cai, C. Song, G. Liu and C. Chen, Degradation of
biodegradable plastics by anaerobic digestion:
Morphological, micro-structural changes and microbial
RSC Sustainability, 2026, 4, 628–649 | 647

https://doi.org/10.1016/j.resconrec.2024.107557
https://doi.org/10.1016/j.wasman.2017.07.044
https://doi.org/10.1016/j.scitotenv.2023.167586
https://doi.org/10.1016/j.scitotenv.2023.167586
https://doi.org/10.3390/polym16121670
https://doi.org/10.1016/j.chemosphere.2018.06.095
https://doi.org/10.1016/j.chemosphere.2018.06.095
https://doi.org/10.1016/j.jcomc.2021.100168
https://doi.org/10.1016/j.energy.2023.127576
https://doi.org/10.1016/j.energy.2023.127576
https://doi.org/10.1016/b978-0-444-63857-1.00010-3
https://doi.org/10.1016/b978-0-444-63857-1.00010-3
https://doi.org/10.15244/pjoes/59322
https://doi.org/10.1016/j.envpol.2021.116934
https://doi.org/10.21272/jes.2018.5(2).h2
https://doi.org/10.3390/ma14185286
https://doi.org/10.3390/en14238065
https://doi.org/10.3390/environments9110146
https://doi.org/10.1016/j.wasman.2022.06.022
https://doi.org/10.1038/s41467-024-49146-8
https://doi.org/10.1016/j.resconrec.2023.107006
https://doi.org/10.1016/j.resconrec.2023.107006
https://doi.org/10.1007/s10924-016-0787-2
https://doi.org/10.1016/j.biotechadv.2022.107916
https://doi.org/10.1016/bs.mie.2020.12.005
https://doi.org/10.1016/bs.mie.2020.12.005
https://doi.org/10.1016/j.rcradv.2024.200206
https://doi.org/10.1179/1743284713Y.0000000503
https://doi.org/10.1179/1743284713Y.0000000503
https://doi.org/10.1007/s00253-024-13212-4
https://doi.org/10.1007/s00253-024-13212-4
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00557d


RSC Sustainability Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/2
9/

20
26

 1
1:

18
:1

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
community dynamics, Sci. Total Environ., 2022, 834,
155167, DOI: 10.1016/j.scitotenv.2022.155167.

116 J. H. Song, R. J. Murphy, R. Narayan and G. B. H. Davies,
Biodegradable and compostable alternatives to
conventional plastics, Phil. Trans. R. Soc. B, 364, 1526,
2127–2139, DOI: 10.1098/rstb.2008.0289.

117 Y. Zhang, J. N. Pedersen, B. E. Eser and Z. Guo,
Biodegradation of polyethylene and polystyrene: From
microbial deterioration to enzyme discovery, Biotechnol.
Adv., 2022, 60, 107991, DOI: 10.1016/
j.biotechadv.2022.107991.

118 J. Puls, S. A. Wilson and D. Hölter, Degradation of Cellulose
Acetate-Based Materials: A Review, J. Polym. Environ., 2011,
19(1), 152–165, DOI: 10.1007/s10924-010-0258-0.

119 A. Nakanishi, K. Iritani, Y. Sakihama, et al., Fabrication and
biodegradability of starch cell-plastics as recyclable
resources, Appl. Sci., 2021, 11(2), 1–10, DOI: 10.3390/
app11020847.

120 N. Akhtar, A. K. Upadhyay, A. Karnwal, et al.,
Saccharomyces Cerevisiae Bio-Ethanol Production, A
Sustainable Energy Alternative, Asian J. Microbiol.,
Biotechnol. Environ. Sci., 2018, S202–S206.

121 R. Datta, Enzymatic degradation of cellulose in soil: A
review, Heliyon, 2024, 10(1), e24022, DOI: 10.1016/
j.heliyon.2024.e24022.

122 Y. Tokiwa and B. P. Calabia, Biodegradability and
biodegradation of poly(lactide), Appl. Microbiol.
Biotechnol., 2006, 72(2), 244–251, DOI: 10.1007/s00253-
006-0488-1.

123 A. Maragkaki, N. G. Malliaros, I. Sampathianakis, T. Lolos,
C. Tsompanidis and T. Manios, Evaluation of
Biodegradability of Polylactic Acid and Compostable Bags
from Food Waste under Industrial Composting,
Sustainability, 2023, 15(22), 15963, DOI: 10.3390/
su152215963.

124 Y. C. Li, S. Wang, S. Qian, Z. Liu, Y. Weng and Y. Zhang,
Depolymerization and Re/Upcycling of Biodegradable PLA
Plastics, ACS Omega, 2024, 9(12), 13509–13521, DOI:
10.1021/acsomega.3c08674.

125 X. Qi, Y. Ren and X. Wang, New advances in the
biodegradation of Poly(lactic) acid, Int. Biodeterior.
Biodegrad., 2017, 117, 215–223, DOI: 10.1016/
j.ibiod.2017.01.010.

126 J. Colwell, S. Pratt, P. Lant and B. Laycock, Hazardous state
lifetimes of biodegradable plastics in natural
environments, Sci. Total Environ., 2023, 894, 165025, DOI:
10.1016/j.scitotenv.2023.165025.

127 S. Vigneswari, T. S. Lee, K. Bhubalan and A. A. Amirul,
Extracellular Polyhydroxyalkanoate Depolymerase by
Acidovorax sp. DP5, Enzyme Res., 2015, 212159, DOI:
10.1155/2015/212159.

128 J. Musilova, X. Kourilova, M. Bezdicek, et al., First Complete
Genome of the Thermophilic Polyhydroxyalkanoates-
Producing Bacterium Schlegelella thermodepolymerans
DSM 15344, Genome Biol. Evol., 2021, 13(4), DOI: 10.1093/
GBE/EVAB007.
648 | RSC Sustainability, 2026, 4, 628–649
129 E. Janik-Karpinska, R. Brancaleoni, M. Niemcewicz, et al.,
Healthcare Waste—A Serious Problem for Global Health,
Healthcare, 2023, 11(2), 242, DOI: 10.3390/
healthcare11020242.

130 W. Popp, O. Rasslan, A. Unahalekhaka, et al., What is the
use? An international look at reuse of single-use medical
devices, Int. J. Hyg. Environ. Health, 2010, 213(4), 302–307,
DOI: 10.1016/j.ijheh.2010.04.003.

131 R. Hossain, A. Ghose and V. Sahajwalla, Circular economy
of the materials in the healthcare industry: Opportunities
and challenges, Resour. Conserv. Recycl., 2025, 215,
108041, DOI: 10.1016/j.resconrec.2024.108041.

132 Circular Bio-based Europe Joint Undertaking (CBE JU),
2021, https://european-union.europa.eu/institutions-law-
budget/institutions-and-bodies/search-all-eu-institutions-
and-bodies/circular-bio-based-europe-joint-undertaking-
cbe-ju_en, accessed 3 March 2025.

133 ReBioCycle: A new European blueprint for circular bioplastics
upcycling solutions, 2024, https://www.european-
bioplastics.org/rebiocycle-a-new-european-blueprint-for-
circular-bioplastics-upcycling-solutions/, accessed 3 March
2025.

134 T. Börner and M. Zinn, Key challenges in the advancement
and industrialization of biobased and biodegradable
plastics: a value chain overarching perspective, Front.
Bioeng. Biotechnol., 2024, 12, 1406278, DOI: 10.3389/
ioe.2024.1406278.

135 E. Moshkbid, D. E. Cree, L. Bradford and W. Zhang,
Biodegradable Alternatives to Plastic in Medical
Equipment: Current State, Challenges, and the Future, J.
Compos. Sci., 2024, 8(9), 342, DOI: 10.3390/jcs8090342.

136 EUBP production, Global Production Capacities of
Bioplastics 2023-2028 Global Production Capacities of
Bioplastics 2023 by Material Type Global Production
Capacities of Bioplastics 2028 by Material Type DECEMBER
2023, 2023, https://www.european-bioplastics.org/news/
publica-.

137 A. S. Abu Ubaidah, N. I. Mohamad Puad, F. Hamzah,
A. S. Azmi and Y. Ahmad Nor, Synthesis of bioplastics
and the effects of additives on the mechanical, thermal
and biodegradable properties, Polym. Renewable Resour.,
2024, 15(4), DOI: 10.1177/20412479241292148.
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