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Abstract: The growing use of biopolymers has positioned them as sustainable alternatives to conventional petroleum-
based plastics. However, biodegradability and origin do not guarantee chemical safety, as contaminants, processing 
residues, functional additives, and degradation products may introduce significant human and environmental health 
risks. This review examines the sustainability of biopolymers used in human-contact applications through analytical 
techniques, with particular emphasis on Jordan’s emerging bioeconomy. Jordan possesses abundant renewable 
feedstocks growing in saline environments, yet a gap remains in determining whether these geochemical stressors 
impact the feedstock and, thus, the finished biopolymer product. Twelve locally studied polymer systems are evaluated 
for potential contamination pathways and their fit within life-cycle frameworks. Current studies prioritise equal usability 
over synthetic plastics across various applications, but developments in trace-element screening of feedstocks, region-
specific life-cycle inventory data, and frameworks and regulatory standards, especially for long-term exposure, will 
confirm holistic sustainability rather than mere degradability. 
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1. INTRODUCTION 

1.1. Significance of Sustainable Polymers 

The persistence of petroleum-derived plastics in 
ecosystems, as micro- and nanoplastics now 
detectable in the external environment (which are then 
incorporated into food and thus into human bodies), 
has accelerated global demand for degradable 
alternatives. Biopolymers offer lower carbon footprints, 
improved biocompatibility, and reduced environmental 
persistence through biodegradation, and their market is 
projected to reach 5.7 million tonnes by 2029, albeit 
that remains a small fraction of total plastics 
production. Interest is particularly strong in 
pharmaceutical drug delivery, biomedical implants, 
wound care, and cosmetics, where biodegradable 
materials can reduce long-term medical waste while 
improving therapeutic performance. Their adoption is 
also supported by evolving regulatory frameworks 
abroad, including the European Green Deal [1, 2]. 

However, biological origin does not guarantee 
chemical safety. Natural polymers commonly use 
plasticisers, crosslinkers, stabilisers, and surfactants to 
achieve the mechanical and functional properties 
required for real-world applications, and these additives 
substantially alter the final toxicological profile (section 
4). A concrete example was the application of non-
target high-resolution mass spectrometry to 43 bio- 
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based and biodegradable products, detecting over 
41,000 chemical features. Approximately 67% of 
extracts induced baseline cytotoxicity, 42% caused 
oxidative stress, and 23% showed antiandrogenic 
activity, indicating a toxicological burden similar to that 
of conventional plastics, rather than proof of 
equivalence. Similarly, biodegradable polymer matrices 
can release incorporated metals, plasticisers, and 
degradation products during use and disposal, creating 
exposure pathways that are poorly characterized 
relative to the structural properties of these materials 
that have routinely been measured [3]. 

1.2. Scope and Jordanian Rationale 

This review evaluates sustainable polymers used 
directly in human-contact applications, including but not 
limited to biomedical and personal care formulations, 
through studies that applied instrumental analyses, with 
the aim of assessing not only what these materials can 
do but also the chemical species they introduce to 
consumers. Jordan provides the geographic focus as it 
combines two points of interest that have yet to be 
connected: a growing interest in biopolymer research 
amongst academics, who have produced mechanically 
and functionally sophisticated materials, as well as 
aridisol soils influencing feedstocks, unlike those which 
have been studied in Europe and the Americas [4]. 
Commonly used phosphate fertilisers will also affect 
said soil, allowing the heavy-metal cargo of the 
Jordanian reserves to be co-extracted from the rocks 
and enter soil, irrigation water, and plant tissues, 
creating a direct pathway from mine to polymer 
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feedstock [5]. Unlike previous reviews which 
emphasise material performance, degradation, or life-
cycle metrics, this review integrates biopolymer 
chemistry, analysis, and applications with 
contamination pathways in a Jordanian context, which 
has both a proficient biomedical industry and high 
plastic pollution, and findings may be relevant to other 
arid and mineral-rich regions developing biopolymers, 
where geological conditions may similarly influence 
polymer safety and sustainability. 

National circular economy initiatives, including the 
UNDP Circular Solutions for Plastic Pollution project, 
which aims to reduce 5,000 tonnes of plastic waste 
over five years, make the safety of locally sourced 
biopolymers an urgent question for their further 
implementation [6]. 

This review integrates the aforementioned to 
identify critical evidence gaps in sustainability and 
research priorities for safety by combining keywords 
across academic databases using a narrative synthesis 
approach. Studies were included if they reported 
instrumental analysis of a biopolymer system with 
plausible relevance to Jordanian feedstocks or 
bioapplications. It synthesises existing literature rather 
than including an original analysis, where empirical 
evidence would be required to support proposed 
hypotheses. 

2. BIOPOLYMERS WITH BIOLOGICAL APPLICA-
TIONS 

This section does not aim to provide an exhaustive 
survey of polymer properties. Instead, it examines each 
system specifically to determine how its interactions 
with functional additives affect safety. 

2.1. Alginate 

Alginate is a naturally occurring anionic 
polysaccharide mainly obtained from brown algae and 
is commonly used in drug delivery, wound dressings, 
tissue engineering, biosensors, and aerogel systems 
due to its biocompatibility, low toxicity, and ability to 
form 3D networks through ionotropic gelation. Its gel-
forming ability stems from the coordination of divalent 
cations, most commonly Ca²⁺, with guluronate residues, 
thereby conferring mechanical stability. This same ionic 
dependence is its primary safety concern. Conventional 
Ca²⁺-crosslinked systems undergo ion exchange under 
physiological conditions, causing cation leakage and 
matrix destabilisation, a limitation which motivated the 
development of a metal-free microfluidic proton-

gelation alternative that achieves comparable 5-FU 
encapsulation but without multivalent crosslinkers at Al-
Isra University [8]. In contrast, when calcium was 
maintained, calcium-alginate aerogels showed little 
hepatic and renal toxicity immediately after oral 
administration in animal studies, but alterations in gut 
microbial composition persisted after treatment, 
suggesting additional biological effects of prolonged 
exposure [9]. 

 
Figure 1: Chemical Structure of Alginate [7]. 

The Jordan University of Science and Technology 
has investigated the incorporation of transition metals, 
such as copper, into alginate/HA aerogels for 
antibacterial wound dressings, or of ZnO nanoparticles 
for sustained antimicrobial release, rather than calcium. 
Functional performance improves significantly (Cu²⁺-
crosslinked aerogels achieved inhibition zones of 36 
mm against S. aureus), but matrix dissolution releases 
Cu²⁺ or Zn²⁺ into tissue [10, 11], both of which have the 
potential to be cytotoxic at elevated concentrations 
[12]. If environmental minerals were also absorbed into 
the feedstock, co-delivery of such incidental elements 
alongside the intentional Ca²⁺ or Cu²⁺ crosslinking ions 
represents an unmentioned dual-metal risk. 

2.2. Chitosan 

Chitosan is a cationic polysaccharide obtained 
through the partial deacetylation of chitin and is widely 
investigated for drug delivery, antimicrobial coatings, 
wound healing, water treatment, and agricultural 
applications. Its amino groups impart pH-responsive 
behaviour and strong metal-chelating ability, enabling 
interactions with negatively charged biomolecules (after 
the amino groups protonate within stomach acid), metal 
ions, and other polymers. These same chemical 
properties are the cause of both its biomedical utility 
and its relevance to contaminant transport and metal 
interactions. The same study also showed that, while 
substituting the nitrogen in low-molecular-weight 
chitosan improves solubility for surfactant applications, 
modification of the –NH₂ groups (which are responsible 
for metal chelation) simultaneously alters contaminant-
binding behaviour in ways not considered in 
pharmaceutical applications of modified chitosan [13]. 
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Figure 2: Chemical Structure of Crystalline Chitosan [13]. 

Jordanian studies have been done on chitosan as 
nanoparticles in which cisplatin served both as a 
chemotherapeutic agent and as a functional crosslinker 
for synergistic doxorubicin delivery, highlighting how 
platinum incorporation improved therapeutic efficacy, 
so long as platinum release is controlled [14], as well 
as as nanocomposites with clay, which achieved 
complete P. digitatum inhibition at 20 µg/mL, but EDX 
confirmed incorporation of mineral-derived, incidental 
Mg, Al, and Si, albeit their specific ion release levels 
over long-term usage was not evaluated [15]. 

Chitosan’s metal-chelating capacity in 
environmental contexts also plays a pivotal role in the 
polymer’s characterisation. For example, 99.65% 
removal of the cationic methylene blue was achieved at 
a capacity of 429.08 mg/g [16]. This creates another 
circular economy concern: the chitosan becomes 
metal-laden, so if it is repurposed or landfilled, it 
becomes a secondary contamination source. In 
Jordanian agriculture, chitosan demonstrated efficacy 
as a foliar spray for mitigating saline stress in maize 
[17], suggesting the potential for redistribution, as the 
polymer’s amino groups would interact not only with 
beneficial ions but also with trace heavy metals present 
in irrigation water and soil. 

2.3. Hyaluronic Acid 

Hyaluronic acid (HA) is a naturally occurring 
glycosaminoglycan that is made up of repeating D-
glucuronic acid and N-acetyl-D-glucosamine units 
linked via β-(1→3) and β-(1→4) glycosidic bonds. 
However, it is not of agricultural origin, but 
endogenously produced in human connective tissue, 
synovial fluid, the vitreous humour, and the dermal 
extracellular matrix. HA’s endogenous origin gives it 
intrinsic biocompatibility that other biopolymers lack, but 
functional modification significantly changes its safety 
profile. Studies note that whilst there is a preference for 
its use in non-invasive topical delivery over injectables, 
especially cosmeceutically for its antioxidant activity, it 

trades acute injection risk for chronic daily dermal 
exposure to increasingly complex formulations [19]. 

 
Figure 3: Chemical Structure of Hyaluronic Acid [18]. 

As for HA’s potential as an injectable, Yarmouk 
University’s Fe(III)-EDTA crosslinked HA/κ-
carrageenan injectable hydrogel proved that 
crosslinking with ionic Fe(III) enabled shear-thinning 
injectability, sustained daunorubicin release over the 
course of 16 days, and enhanced anticancer activity, 
whilst the coordination to EDTA is what suppresses free 
Fe³⁺ Fenton reactions and, thus, production of reactive 
oxygen species (ROS). Although, as the formulation 
degrades, in vivo pH changes, enzymes, and other 
ligands competing for the iron moiety will chemically 
alter Fe(III) in ways not yet defined under biologically 
realistic conditions, and the enhanced cytotoxicity that 
resulted may reflect iron-mediated ROS (albeit that is 
this review’s synthesis) [20]. A metal-free alternative 
was developed by the same facility: a 
HA/chitosan/glycerophosphate in-situ hydrogel that 
achieved thermoresponsive gelation at 37°C and has 
demonstrated significant wound closure in rabbit 
ischemic models. However, even though it avoids direct 
metal-ion crosslinking and its associated leakage risks, 
glycerophosphate introduces phosphate species into 
the formulation [21], which is especially relevant in a 
Jordanian context where phosphate-associated trace 
metals are already present concerns. 

2.4. Carrageenan 

Carrageenans are a family of anionic, sulfated 
polysaccharides extracted from red seaweed 
(Rhodophyta). It is recognised for its capability of 
gelation and matrix formation, which are related to 
metal cation coordination, where κ-carrageenan, 
specifically, gels with K⁺, ι-carrageenan with Ca²⁺ [22], 
and both crosslink with Fe³⁺ in hybrid systems, such as 
the former with HA (section 2.3). Therefore, it is the 
most metal-dependent biopolymer reviewed here. 
Jordanian research groups established carrageenan 
aerogel microparticles as effective carriers for drugs 
with low solubility but high permeability. For example, it 
was analysed using amorphous ibuprofen, as 
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determined by XRD and DSC, and showed improved 
dissolution relative to the crystalline counterpart [23]. It 
was also studied for its capacity to carry meloxicam 
and atorvastatin, the former of which displayed 
enhanced dissolution due to de-aggregation within the 
aerogel’s matrix [24]. Moreover, carrageenan-
levofloxacin sustained-release tablets demonstrated 
advantages over the comparator in Wistar rats, as 
evidenced by pharmacokinetic parameters (e.g., a 
higher AUC) [25]. 

 
Figure 4: Chemical Structure of κ-carrageenan [22]. 

Across these systems, the K⁺ ions that initiate 
carrageenan’s coil-to-helix conformational transition, 
which is the main inducer of gelation, remain 
coordinated in the final formulation’s matrix. 
Furthermore, ion exchange under gastrointestinal 
conditions, where competing Na⁺, H⁺, Ca²⁺, and Mg²⁺ 
ions are present, could unpredictably alter the gel 
structure and, therefore, drug release kinetics [26]. 
Likewise, the anionic sulphate groups that coordinate 
K⁺ may equally coordinate trace heavy metal cations 
from the feedstocks. Neither the residual ionic content 
of finished products nor drug release under gastric 
acidic conditions was characterised. 

 
Figure 5: Chemical Structure of ι-carrageenan [22]. 

2.5. Cellulose 

Cellulose is the most abundant biopolymer on 
Earth, accounting for 40–50% of plant dry weight, and it 
is chemically comprised of β-D-glucopyranose units 
linked by β-(1→4) glycosidic bonds in linear, 
unbranched chains, forming highly ordered crystalline 
microfibrils through hydrogen bonding, and in turn 
leading to exceptionally high tensile strength and 
chemical resistance. In Jordan, specifically, waste from 

the olive industry is the most well-documented 
cellulose feedstock, with a nearly 35% cellulose yield 
from olive pomace via kraft pulping, followed by 
elemental chlorine-free (ECF) bleaching (section 4.1), 
and subsequent acetylation [28]. 

 
Figure 6: Chemical Structure of Cellulose [27]. 

Beyond olive feedstocks, Hashemite University 
studied Jordanian lignocellulosic fibres from olive, 
lemon, loquat, and palm sources, and confirmed that 
palm fibre is the top mechanical performer (160 MPa 
tensile strength, 5 GPa modulus), establishing the 
biopolymer as comparable to industrially synthesised 
fibres [29]. Yarmouk University also found a high 
cellulose content in Dead Sea coast crops (Peganum 
harmala, Citrullus colocynthis, Capparis spinosa) 
comparable to biofuel feedstocks [30]. In neither study 
was contaminant content measured, which is a gap 
with consequences for any eventual pharmaceutical or 
food-contact application of cellulose, since these crops 
are growing in mineral-rich soils where metal 
bioavailability is amplified by aridisol, low organic 
matter and high salinity (section 3.2). 

2.6. Starch and Cyclodextrins 

Starch is a polysaccharide composed of amylose 
(linear α-(1→4)-linked glucose) and amylopectin (highly 

 
Figure 7: Chemical Structure of Starch [31]. 
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branched with α-(1→6) linkages). It is one of the most 
commonly used pharmaceutical fillers and disintegrants 
worldwide and is known for its abundance, as it is 
extracted from common crops such as potatoes [31]. 

It may also be applied agriculturally, where starch-
borate composites as controlled-release fertiliser 
coatings have demonstrated improved thermal and 
mechanical stability [32]. 

Analytically, boron is a metalloid whose oxide (B₂O₃) and 
borate ion (BO₃³⁻) exhibit intermediate metal/non-metal 
behaviour. While the ion is essential for plants at trace 
levels and is even used in pharmaceuticals, it is 
phytotoxic at high concentrations and can accumulate 
in plant tissues [33]. 

This leads to the proposed feedback loop, in which 
metalloid-rich starch-borate coatings applied alongside 
heavy-metal-dense Jordanian phosphate fertilisers 
yield successive generations of starch crops with 
elevated ionic burdens, which, when harvested to 
produce the next generation of agricultural coatings, 
systematically amplify contaminant concentrations in 
both the soil and the biopolymer supply chain—an 
evidence-based speculation rather than an 
experimental finding. 

Notably, starch also allows for metal coordination 
via its C2, C3, and C6 hydroxyl groups, albeit they are 
weaker than chitosan's –NH₂ groups, as nitrogen's 
lower electronegativity relative to oxygen makes amine 
nitrogen a comparatively softer, more polarisable donor 
atom, favouring stronger coordination with many 
transition-metal ions than the hydroxyl oxygens of 

starch, but overall still relevant at the agricultural 
feedstock scale when accumulated [34]. However, the 
literature reviewed does not include studies on starch’s 
metal-binding within Jordanian soil or artificially 
identical environments, nor on its trace contaminant 
content when used as a pharmaceutical excipient. 

As for cyclodextrins (CDs), they are cyclic 
oligosaccharides derived from starch and are widely 
used in pharmaceutical formulations to improve the 
solubility, stability, and controlled release of 
hydrophobic active ingredients through host-guest 
inclusion complex formation [35]. 

Crosslinking cyclodextrin molecules yields three-
dimensional cyclodextrin-based polymers (CDPs) that 
exhibit even greater drug-loading capacity and 
sustained release. This is demonstrated by the Jordan 
University of Science and Technology, where 
researchers crosslinked β-cyclodextrin with EDTA 
dianhydride for 5-FU delivery, thereby improving the 
aforementioned parameters compared to diphenyl 
carbonate-crosslinked systems [36]. However, as 
EDTA is a strong metal chelator, in complex biological 
environments (e.g. a wound bed where iron from 
haemorrhage or copper from co-applied wound 
dressings is present), EDTA-crosslinked CDPs are 
expected to seize biologically important metals, altering 
local ion homeostasis beyond intent. 

2.7. Polyhydroxyalkanoates (PHA) 

Polyhydroxyalkanoates (PHAs) are a family of 
thermoplastic polyesters synthesised intracellularly by 
microorganisms to store carbon and energy under low-
nutrient conditions. Jordan possesses three resources 
for PHA production: sesame wastewater, date fruit 
waste, and Dead Sea water. 

They are utilised by the halophilic archaeon 
Haloferax mediterranei to produce the PHA poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) with 
high monomer (3-hydroxyvalerate) molar fractions (18 
mol%), providing a PHA source without expensive 
precursors [38] [39]. It must be noted that such 
production routes creates a very unique metal 
exposure profile, as in the latter, for instance, Dead Sea 
water contains approximately 2.2 M Mg²⁺, alongside 
trace Li, Rb, Sr, Ba, and dissolved heavy metals, 
relevant because H. mediterranei can accumulate ionic 
species intracellularly at exceptionally high concentrations, 
confirmed by ICP-MS for Li⁺, Co²⁺, As⁵⁺, and Ni²⁺, which 
indicates that the archaeon's metal homeostasis 

 
Figure 8: Chemical Structure of β-Cyclodextrin [35]. 
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machinery that can concentrate trace elements within 
the cell will, by extension, concentrate them within the 
resultant PHA granules via incidental bioaccumulation, 
although direct measurements are currently limited 
[40]. 

 
Figure 9: General Chemical Structure of PHAs [37]. 

2.8. Polylactic Acid 

Polylactic acid (PLA) is also a polyester, but it is 
derived from agriculturally produced lactide (e.g., from 
corn or sugarcane), which undergoes ring-opening 
polymerisation. It is the most commercially established 
biopolymer. PLA literature discusses metal interactions 
in various Jordanian studies. For example, the Jordan 
University of Science and Technology investigated 
functional metal oxide nanoparticle coatings (Al₂O₃, 
hydroxyapatite, TiO₂) on 3D-printed PLA cortical bone 
screws, demonstrating that these coatings provided the 
highest mechanical performance [41, 42]. However, 
TiO₂ has been documented to have ROS-mediated 
genotoxic potential under UV or near-UV exposure 
conditions, and Al₂O₃ coatings raise concerns about 
aluminium bioavailability, depending on dissolution 
kinetics in physiological fluids [43, 44], which were not 
evaluated. In addition to post-implantation, potential 
exposure may occur during manufacturing, sterilisation, 
or handling processes. 

 
Figure 10: Chemical Structure of Polylactic Acid [41]. 

End-group functionalisation was found to enable 
PLA to coordinate with metal ions for stimuli-responsive 
drug delivery at tumour pH, where the embedded metal 
is a functional structural component, but system safety 
depends on its identity (commonly Fe³⁺ or Zn²⁺), and it 
impacts coordination stability across biological 
environments. The literature, however, does not 
comprehensively examine these complexes across the 
full range of physiological conditions (e.g., different 
pHs) [41]. 

2.9. Polycaprolactone 

Polycaprolactone (PCL) is yet another aliphatic 
polyester widely used biomedically due to its high 
biocompatibility, ease of processing, and exceptionally 
slow degradation rate that allows it to persist for two to 
three years in vivo. The latter trait makes it especially 
suitable for long-term implants, tissue-engineering 
scaffolds, and highly controlled drug-delivery systems, 
but it may also prolong the time over which additives or 
contaminants are released [45]. 

 
Figure 11: Chemical Structure of Polycaprolactone [45]. 

For example, Cu(II)-doped hydroxyapatite/PCL 
nanofibrous membranes have been developed within 
the region, with large antibacterial inhibition zones and 
94.3% catalytic degradation of the carcinogenic, 
cationic methylene blue in 70 minutes [46]. However, 
the HAP component raises a local concern: if 
phosphate precursors used in HAP synthesis carry the 
trace-metal enrichment characteristic of Jordanian 
deposits, they may be co-incorporated into the HAP, 
creating a contamination pathway distinct from Cu²⁺. 
Moreover, the long-term (as intended) ion release and its 
effects under physiological conditions, both for the 
intended Cu²⁺ and for any co-contaminant metals, were 
not profiled. 

2.10. Gum Arabic (Habeil Gum) 

Gum Arabic (GA) is a polysaccharide obtained from 
Acacia species and related trees and shrubs, including 
Combretum glutinosum, found in the Mediterranean 
region, Africa, and Jordan, which produces Habeil gum. 
It contains protein fractions that enable adsorption to oil 
droplets, nanoparticles, and mineral surfaces, making it 
a valuable emulsifier and stabiliser. It has three 
molecular fractions (Mw up to 2.06 × 10⁶ g/mol) and 
especially improved emulsification for a 50/50 Habeil/ 
Acacia senegal blend [48]. Furthermore, Gum Arabic 
readily adsorbs onto hydroxyapatite and magnetic 
nanoparticles, whilst maintaining remarkable stability 
even under high phosphate concentrations [49]. 

The study also identified fractions associated with 
calcium, confirming native coordination to divalent 
cations via glucuronic acid carboxylate groups, the 
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same groups that would allow cations from Jordanian 
soils to coordinate. Elsewhere, Ag nanoparticle-loaded 
gum Arabic/xanthan cotton bandages were developed 
with effective antibacterial performance [50], but the 
especially relevant silver ion release kinetics from the 
polymer matrix (especially considering GA’s proven 
metal coordination, which would modulate Ag⁺ release) 
were not investigated, even though excessive release 
can damage healthy mammalian cells. 

 
Figure 12: Chemical Structure of Gum Arabic [47]. 

2.11. Zein 

Zein is the main storage protein of corn (Zea mays), 
comprising 50–70% of the total corn endosperm 
protein. Jordanian zein pharmaceutical research has 
established that drug release from zein matrix tablets is 
highly sensitive to ionic strength and co-excipient 
interactions (e.g., hydrophilic additives in zein coatings 
can enable controlled release through water 
penetration and swelling-induced rupture) [52, 53]. 
These findings have direct implications for metal 
contamination, as trace cations can alter ionic strength 
within a swelling zein matrix, thereby modifying the 
release profile, even unintentionally. 

 
Figure 13: Chemical Structure of Zein [51]. 

It was independently demonstrated through 
instrumental analyses that zein’s amide, carbonyl, and 

hydroxyl functional groups electrostatically attract 
hexavalent chromium with an adsorption capacity of 
4.73 mg Cr(VI)/g at pH 2.0 (where the functional 
groups are protonated within the acidic environment, 
whereas chromium forms an oxyanion), which, despite 
having been applied to wastewater, are conditions 
consistent with the gastric environment in which zein 
matrix tablets reside during their lag phase [54], thus 
impacting said environment with how metal-laden the 
finished product may end up being, depending on the 
feedstock. 

3. JORDANIAN AGRICULTURAL AND INDUSTRIAL 
RESOURCES 

3.1. Flowering of Forestry 

To enhance national food security and expand 
domestic farming, Jordan has actively promoted 
diverse agricultural scaling strategies, from highly 
structured urban agriculture initiatives (e.g., rooftop 
gardening) to optimised irrigation techniques. This 
expansion is heavily supported by greenhouse farming, 
especially in the Jordan Valley, which serves as the 
primary agricultural hub. However, water scarcity 
remains a limitation to growth, and modern crop 
management has shifted towards protected 
greenhouse environments with water-saving practices 
to achieve self-sufficiency despite only 10% of the 
country’s total land being arable [55, 56]. 

Using advanced land-use planning and spatial 
suitability models in Northwest Jordan indicates that 
35.6% of the regional land area is potentially suitable 
for cereal crops and 32.2% for vegetable cultivation. 
Furthermore, Jordan’s National Green Growth Plan 
(2021-2030) emphasises reclaiming abandoned or 
marginal lands to expand this agricultural footprint [57] 
[58]. This is relevant in that Jordan’s agricultural 
biomass, which was confirmed across multiple 
independent studies in section 2, including olive 
pomace, date waste, citrus peel, cereal crops, and 
desert vegetation, is a direct result of this expanding 
agricultural footprint, and allowing them to enter the 
path of circularity enables further self-sufficiency. 

3.2. A Mineral-Rich Environment 

The agricultural context, however, is defined by two 
soil characteristics that amplify contamination risk 
relative to temperate comparators. Jordan’s dominant 
aridisol soils have low organic matter (reducing metal 
chelation capacity), high salt accumulation (promoting 
competitive displacement of metals from soil-binding 
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sites into the bioavailable soil solution), and limited 
microbial activity (reducing natural bioremediation) [4]. 
This means the relationship between total soil metal 
concentration and the bioavailable fraction cannot be 
extrapolated from European or North American 
datasets routinely used as LCA defaults for Jordanian 
contexts (section 5). 

In addition, Jordan holds the world's second-largest 
phosphate reserves, as previously mentioned. Notably, 
toxic element concentrations increase from southern 
mines (Shidyia) toward central/northern mines (Al-Hisa 
and Al-Abyad), meaning feedstocks sourced from 
Jordan’s primary agricultural zones in the highlands 
and Jordan Valley (olive, cereal, date, citrus) are most 
exposed to the phosphate-derived heavy metals 

documented by ICP-MS. Specifically, U, V, and Hg 
exceed WHO permissible soil limits, and Cd exceeds 
ecotoxicity thresholds [5]. Therefore, these metals can 
be introduced into soil, irrigation water, and plant 
biomass through bioaccumulation (plant uptake from 
soil), co-extraction (metals carried with target polymers 
during purification), and residual contamination 
(incomplete removal during bleaching or washing). 
They risk human health, including mercury, a potent 
neurotoxin that volatilises from heated soils, and 
cadmium, a Group 1 carcinogen that can accumulate in 
the kidneys and liver [59]. 

Dead Sea water is also mineral-rich (34% salinity, 
MgCl2 levels reaching the upper limit), combined with 
H. mediterranei’s previously mentioned (section 2.7) 

Table 1: Synthesis of the Twelve Reviewed Polymer Systems 

Polymer system Primary Jordanian 
application 

Metal/additive of concern Classification Principal evidence gap 

Alginate Wound dressing, drug 
delivery 
(5-FU) 

Ca2+ / Cu2+ / Zn2+ Intentional crosslinker No elemental 
analysis of feedstock in any 

Jordanian study was reviewed 

Chitosan Antimicrobial coating, foliar 
spray 

Mg, Al, Si (clay); trace soil 
metals 

Mixed (intentional + 
incidental) 

Metal-laden spent chitosan is an 
unrecognised secondary 

contamination 
source 

Hyaluronic acid Cosmeceuticals, injectable 
hydrogel 

Fe3+ 

(EDTA-chelated) 

Intentional crosslinker Fe(III) speciation under realistic in 
vivo ligand competition undefined 

Carrageenan Sustained-release tablets K+ / Ca2+ / Fe3+ Intentional (gelation) No residual ionic content or 
gastric-condition release data 

Cellulose 
(olive-derive d) 

Fibre, packaging Feedstock soil 
metals (untested) 

Incidental No contaminant testing on any 
Jordanian 

lignocellulosic source 

Starch/cyclo dextrins Fertiliser coating, excipient B (borate); feedstock soil 
metals 

Mixed No Jordanian soil metal-binding or 
excipient contaminant data 

PHA (PHBV) Biodegradable packaging Li, Co, As, Ni 
(bioaccumulated) 

Incidental (bioaccumulati 
on) 

No ICP-MS 
profiling of finished PHA granules 

PLA Bone screws, implants Ti, Al (oxide coatings) Intentional coating ROS/genotoxicity of TiO₂ coating 
not evaluated under UV in vivo 

PCL Long-term 
implants (2-3 yr) 

Cu2+ (doped HAP); 
phosphate trace metals 

Mixed No long-term 
ion-release profiling under 

physiological pH 4-5 

Gum Arabic (Habeil) Emulsifier, wound bandage Ag+ 
(nanoparticle-loa ded) 

Intentional dopant Ag+ release kinetics not measured 
despite known metal-coordination 

capacity 

Zein Matrix tablets (controlled 
release) 

Cr(VI) 
(adsorption capacity, 
non-Jordanian data) 

Incidental 
(gastric-releva nt) 

No Jordanian feedstock trace-
metal or 

gastric-release data 

Cyclodextrin 
-based 

polymers (CDP) 

Fragrance/drug delivery EDTA-chelated ions (Fe, Cu) Intentional crosslinker Local 
ion-homeostasis disruption in 

wound beds has not been 
assessed 



Environmental Aspects of Bioapplications of Sustainable Polymers in Jordan Journal of Research Updates in Polymer Science, 2026, Vol. 15      91 

intracellular metal accumulation capacity, creates a 
PHA production environment with no global analogue in 
terms of ionic complexity [40]. Further in the 
environment, the Royal Scientific Society of Jordan 
demonstrated that acid hydrolysis pre-treatment of 
sesame processing wastewater (HCl 0.4–2.0 M) 
before fermentation solubilises any metals present in 
the biomass and carries them into the growth medium, 
where H. mediterranei can concentrate them within 
PHA granules [39]. This, in addition, provides the 
salinity context of section 2.5. 

3.3. Local Circular Economy Infrastructure 

Jordan currently sends over 90% of municipal solid 
waste (MSW) to landfills. This represents one of the 
lowest rates of material recovery and recycling in the 
Middle East and North Africa region, creating a critical 
baseline problem where even if environmentally 
superior biopolymers are successfully synthesised from 
Jordanian feedstocks, end-of-life management 
infrastructure capable of separating, composting, or 
recycling these materials does not currently exist on a 
useful scale. At the municipal level, waste generation in 
urban centers like Amman averages 0.6 to 1.0 kg per 
capita daily, with plastics accounting for roughly 13.5% 
of total MSW and organics comprising the dominant 
63% share [60]. Without dedicated separation, these 
volumes overwhelm existing processing capabilities. 

 
Figure 14: Estimated Solid Waste in Jordan until 2050 [60]. 

Moreover, the Al-Karak Solid Waste Sorting Plant, 
Jordan’s most well-known material recovery facility, 
was designed for dry conventional recyclables and 
lacks mechanisms to identify or separate 
biodegradable polymers [61]. A PLA food container, 
chitosan-coated date package, or PHA-based 
agricultural mulch entering the Al-Karak waste stream 
would be mixed with conventional plastics, 

contaminating recycled plastic bales and rendering 
them unmarketable. Composting has been 
independently identified as Jordan’s most viable 
organic waste treatment option by Analytic Hierarchy 
Process (AHP)-based multi-criteria analysis, driven by 
the ~60% organic fraction of Jordanian MSW [62], and 
a separate source collection (SSC) pilot in Amman’s Al-
Radwan district confirmed community participation is 
achievable with appropriate incentives [63]. An SSC 
system that specifically includes a category for 
compostable biopolymers would require minimal 
additional infrastructure (a dedicated bin colour and 
collection vehicle) but would prevent contamination of 
both recycling streams and composting products. 

However, composting metal-loaded biopolymers 
transfers their metal content to compost applied to 
agricultural soil, directly amplifying the pre-existing 
mineral burden and creating a feedback loop from 
waste back to feedstock. This is the central argument 
of this review: the same circular economy pathway that 
makes Jordanian biopolymer valorisation attractive also 
creates a mechanism for concentrating contaminants 
across successive polymer generations, provided no 
purification or monitoring steps are inserted. This 
proposed contamination pathway represents a 
hypothesis derived from the synthesis of available 
evidence and should not be interpreted as direct 
experimental confirmation. This hypothesis is illustrated 
schematically below. 

On the clinical waste side, researchers from the 
University of Jordan established that Jordanian 
hospitals generate chemical waste, including materials 
with high heavy-metal content, and the authors 
identified the departments producing the most waste, 
which happen to be the departments where 
biopolymer-based wound care products and drug 
delivery systems would most commonly be deployed 
[64]. Moreover, a general inadequacy in infrastructure 
across Jordanian healthcare facilities and a lack of staff 
training in the separation, collection, and treatment of 
waste lead to haphazard disposal, including open 
burning or landfilling [65]. 

Incineration of, for example, silver-nanoparticle-
loaded or copper-crosslinked biopolymer waste at 
insufficient temperatures will generate metal-containing 
ash and fumes [66], which is an atmospheric exposure 
pathway that has received no specific attention in either 
the biomedical polymer or Jordanian waste 
management literature. 
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4. SOURCES OF CHEMICAL CONTAMINATION 

In addition to the environmental contexts specific to 
Jordan, which were elaborated upon in section 3, 
various contamination streams are introduced through 
industry. 

4.1. Processing Contaminants 

Catalyst residues: Ring-opening polymerisation of 
PLA and PCL uses stannous octoate [Sn(Oct)₂], and 
research confirms that while stannous octoate itself is 
moderately toxic, organotin catalysts (e.g. dibutyltin 
dilaurate, which is used more so for synthetic 
polysiloxanes) carry a substantially higher risk of 
toxicity and bioaccumulation [67, 68]. Beyond tin, 
transition-metal catalysts (Cu for controlled Atom 
Transfer Radical Polymerisation, Ru for Ring-Opening 
Metathesis Polymerisation in β-CD polymer synthesis) 
leave residues that require rigorous removal before 
biomedical use [69], which is not demonstrated in any 
Jordanian study reviewed. 

Solvent residues: Kraft pulping uses sodium 
hydroxide/sodium sulphide (introducing inorganic ions 
that interact with feedstock metals), cellulose acetate 
synthesis employs Class 2 solvents like dimethyl 
acetamide (PDE limits ≈10 mg/day) [28], starch 
modification may leave acetic/propionic acid residues 

from anhydride reagents (Class 3, but can interact with 
pre-existing metal species) [70], and cellulose 
nanocrystal extraction via sulphuric acid hydrolysis 
introduces sulphate ester groups while simultaneously 
solubilising trace metals from the biomass into the 
hydrolysate [71, 72], all of which creates a processing 
contaminant problem where reaction temperature and 
acid concentration, which determine crystallinity and 
colloidal stability, also govern metal co-extraction 
efficiency. 

Bleaching and purification residues: The ECF 
bleaching sequence (ClO₂ → cold caustic extraction → 
NaOCl → H₂O₂) used for olive-waste cellulose can 
oxidise and precipitate insoluble metals within the pulp, 
generate adsorbable organic halogens (AOX) via 
hypochlorite reactions, and trigger radical-generating, 
polymer-degrading Fenton reactions when hydrogen 
peroxide reacts with native iron(II) or copper(II) [28]. 
Chitosan must also be purified via acid/alkali treatment 
of crustacean shells, followed by decolourisation with 
oxidising agents (KMnO₄ or H₂O₂), which leave 
manganese or peroxide residues that must be reduced 
and washed to pharmacopoeial standards [73]. As for 
calcium-rich alginate, incomplete chemical 
demineralisation after extraction leaves significant 
calcium burdens, which are displaced by heavier 
metals in a competitive process [8]. 

 
Figure 15: Hypothesised Contamination Pathway from Feedstock to Consumer. 
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4.2. Functionalization 

4.2.1. Common Additives 

Crosslinkers: Glutaraldehyde (GA; TLV 0.05 ppm, 
mutagenic, probable carcinogen) and epichlorohydrin 
(ECH; Group 2A carcinogen) provide superior 
mechanical strength but require extensive purification 
that is rarely verified to completion. Natural alternatives 
like citric acid, which is non-toxic, generally recognised 
as safe (GRAS), but requires temperature optimisation 
at ~80°C, or genipin derived from gardenia, which is 
10,000× less cytotoxic than glutaraldehyde, but is more 
costly, offer better safety profiles at the cost of more 
demanding processing [27]. The ionic metal crosslinkers, 
widely reported in Jordanian literature (Ca²⁺, Fe³⁺, Cu²⁺, 
K⁺), are embedded throughout the polymer and 
released upon degradation, constituting another 
persistent exposure route (section 2). 

Plasticisers: Phthalates (DEHP, DBP, DINP) are 
restricted worldwide due to established endocrine 
disruption and reproductive toxicity, but are not banned 
and thus continue to be used [74]. Even bio-based 
alternatives (citrate esters, ATBC, glycerol derivatives) 
have been studied, but they have disadvantages: they 
migrate from polymer matrices during storage, causing 
simultaneous mechanical property loss and plasticiser 
accumulation in surrounding environments. CaCO₃ and 
chitin nanofibrils reduce but do not eliminate ATBC 
migration from PLA blends [75]. Natural fillers 
(montmorillonite, halloysite, HAP) can replace 
plasticisers, too, but introduce various inorganic ions, 
depending on their geological origins [76]. As for the 
claim about plasticiser accumulation within the 
environment, it demonstrated that plasticiser 
accumulation around polymer fragments can inhibit 
microbial activity, slowing the biodegradation that is the 
material’s primary sustainability claim [77]. 

UV stabilisers: TiO₂ and ZnO nanoparticles are 
especially relevant within Jordan’s high-UV arid climate. 
Under UV, nano-TiO₂ generates ROS with documented 
genotoxic and ecotoxic effects, whereas ZnO dissolves 
under acidic conditions (ZnO + 2H⁺ → Zn²⁺ + H₂O), 
releasing ions at phytotoxic concentrations in Jordanian 
soil microenvironments (which, despite generally being 
alkaline due to high calcium carbonate concentrations, 
plant roots exude organic acids to mobilize nutrients, 
leading to acidic rhizospheres) [43, 78, 79]. Olive 
pomace lignin represents a natural UV-stabiliser 
alternative with genuine Jordanian feedstock 
availability, but its trace metal content from the soils on 
which the olive was cultivated is understudied [80, 81]. 

4.2.2. Modifiers for Tunable Degradation 

Biopolymers degrade through several pathways, 
with the dominant mechanism dictated by chemistry, 
environment, and application context. Hydrolytic (acid-
base) degradation is central for many synthetic and 
semi-synthetic biodegradable polymers, where water 
attacks hydrolysable bonds such as esters (e.g., PLA, 
PHA, PCL), glycosidic linkages (in polysaccharides), 
and, to a lesser extent, amides (e.g., zein), with rate 
strongly modulated by pH, ionic strength, and 
autocatalysis from generated carboxylic acid end 
groups. In natural environments, biodegradation by 
microorganisms predominates through extracellular 
enzymes that progressively cleave polymer chains 
before mineralisation to CO₂, CH₄, H₂O, and biomass. 
Photodegradation occurs upon exposure to sunlight or 
UV sources, where photon absorption generates ROS 
that trigger chain scission and oxidation, particularly in 
aromatic or conjugated segments or in the presence of 
photosensitizers, such as intentional or incidental 
metal-ion residues and added TiO₂ (section 4.2.1). 
Redox-driven degradation is increasingly exploited in 
biomedical contexts, where disulfide-containing 
crosslinkers or redox-sensitive moieties (intentional or 
incidental) undergo cleavage in reducing intracellular 
(e.g., high glutathione) or oxidising extracellular 
environments, enabling breakdown of hydrogels [82]. 

Importantly, degradation is not an intrinsically fixed 
property but can be tuned through design, especially by 
introducing or modifying functional groups along the 
backbone, side chains, and chain ends. By varying the 
density and chemical environment of the 
aforementioned hydrolysable bonds, it is possible to 
control both the rate and mechanism of chain scission 
under different conditions. Post-polymerisation 
functionalization, such as introducing carboxyl, amine, 
sulfate, or hydroxyl side groups, or grafting 
hydrophobic or bulky substituents, can modulate water 
uptake, enzymatic accessibility, and local pH, adjusting 
the degradation timescale. End-group engineering (e.g., 
capping hydroxyl termini or adding acid- or enzyme-
labile moieties) further refines degradation profiles by 
dictating the initiation sites. Recent reviews emphasise 
that combining such features yields biopolymer 
systems whose lifetimes can be matched to specific 
biomedical or packaging applications, minimising 
accumulation while avoiding toxic degradation 
byproducts [83, 84]. 

Incomplete degradation under ambient, rather than 
controlled industrial, conditions, particularly in Jordan’s 
low-microbial-activity aridisol soils, fragments 
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biopolymers into micro- and nanoplastic particles that 
adsorb heavy metals and microbes from surrounding 
environments, rather than clean water and CO₂. 
Cytotoxicity of such fragments is driven by their 
additives rather than base polymer identity. For 
example, PLA with a higher content of plasticisers and 
crosslinkers generates significantly higher oxidative 
stress in lung and liver cell models [85]. 

Therefore, safety is dictated by concentration, 
coordinated species, and degradation pathways. 
Engineered systems (e.g., Fe(III)-EDTA hydrogels, 
section 2.3) chelate free ions to mitigate oxidative risk, 
whereas incidental, uncontrolled geogenic 
contamination provides no functional benefit and 
introduces unmonitored, unrecognised human 
exposure, wherein the advanced functionalisation 
techniques themselves (e.g., nanofiller incorporation 
[76], polyphenolic antioxidant grafting [77], surface 
plasma treatment [83], and main-/side-chain chemical 
modifications [85]) emphasise the importance of 
evaluating chemical modifications for material 
performance and long-term safety. 

4.3. Extractables and Leachables 

Extractables migrate under exaggerated laboratory 
conditions, while leachables partition into products 
during normal use. Regulatory control follows 
elemental-impurity limits such as ICH Q3D, alongside 
extractables-and-leachables assessment frameworks 
recommended in pharmacopoeial general chapters 
(e.g., USP <1663>/<1664>), which together govern 
permissible daily exposure to process- and container-
derived elemental and organic contaminants, but in 
advanced biopolymer platforms, the material serves 
simultaneously as the container, matrix, and delivery 
mechanism, making any released ion (e.g., Ca²⁺, Fe³⁺, 
Cu²⁺, crosslinker residue, or co-contaminant) an intrinsic 
leachable by pharmacopoeial definition. Leachables 
can reduce drug efficacy, alter physical properties, and 
cause immunological reactions (including pure red cell 
aplasia from rubber stopper leachates) even at sub-
microgram concentrations [86]. 

In cosmeceutical analyses, researchers identified 35 
extractables (including phthalates and cyanide 
derivatives) from commercial packaging using a 
solvent-free SPME/Py-GC-MS technique, 
demonstrating that non-intentionally added substances 
(NIAS) routinely exceed the declared ingredient lists 
[74]. For Jordanian biopolymer cosmeceuticals, NIAS 
may include trace metals from agricultural feedstocks, 

yet no systematic screening has been performed, and 
current Jordanian regulatory frameworks do not require 
it. A further limitation is the lack of long-term 
weathering and high-salinity extraction media relevant 
to Jordanian ecology and climate. 

5. ANALYTICAL CHEMISTRY APPROACHES 

5.1. Metal Analysis Methods 

ICP-MS is the reference method for trace elemental 
quantification, achieving ppt detection for most 
elements, and can even reach ppq for ²³⁸U with 
appropriate sample preparation (albeit such detection 
limits are instrument- and matrix-dependent and are 
rarely achieved in routine biological or polymer 
matrices without extensive pre-concentration), and is 
available in multiple Jordanian laboratories [5]. XRF 
[10] and energy-dispersive X-ray spectroscopy [15, 16, 
28, 78] are unsuitable for regulatory-level trace metal 
screening due to detection levels of 0.1-1%, but retain 
value for non-destructive spatial elemental mapping of 
nanoparticle distribution and for initial composite 
characterisation. 

5.2. Organic Contaminant Analysis 

Abroad, chromatographic methods coupled to mass 
spectrometry are routine methods for detecting organic 
extractables, leachables, residual solvents, additives, 
and degradation products. GC-MS, including pyrolysis 
GC-MS (Py-GC-MS) and thermal desorption GC-
MS/MS (TD-GC-MS/MS), is particularly suited to 
volatile and semi-volatile compounds, while LC-MS/MS 
extends analysis to less volatile or thermally labile 
contaminants. Solvent-free thermal extraction coupled 
with Py-GC-MS enables ppb-level detection of 
cosmetic packaging extractables without introducing 
additional solvent contamination [74], although 
background interference can lead to overestimation 
without appropriate blanks [87]. For polymer-specific 
characterisation, advanced mass spectrometric 
techniques have been employed, such as MALDI-MS, 
ESI-MS, ion mobility MS (IM-MS), and TOF-SIMS, 
which provide detailed information on polymer 
architecture, molecular weight distributions, and 
degradation products that cannot be resolved by 
conventional GC-MS alone [88]. Complementary 
chromatographic techniques such as SEC/GPC are 
widely used to determine molecular weight distributions 
and monitor polymer degradation, while HPLC-UV 
remains the dominant approach in regional studies for 
quantifying known compounds and drug release [28, 
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39]. However, because UV detection requires prior 
knowledge of analyte chromophores, it is unsuitable for 
comprehensive non-targeted contaminant screening. 

5.3. Structural Characterisation 

Across Jordanian studies, structural characterisation 
is consistently robust and represents the most mature 
analytical domain. Spectroscopic methods such as 
FTIR and NMR are routinely used to confirm functional 
group modification, polymer interactions, and chemical 
structure [10, 13, 28]. XRD (including PXRD) evaluates 
crystallinity and phase transitions, particularly following 
drug loading or polymer modification [13, 16, 25, 36, 
38, 47]. SEM and TEM, frequently combined with EDX, 
provide information on morphology, particle size, pore 
structure, and elemental distribution [9-11, 14, 20, 21, 
25, 28, 78]. Thermal techniques, including DSC and 
TGA, assess thermal transitions, crystallinity, and 
degradation behaviour [13, 20, 25, 29, 36], while BET 
analysis and nitrogen adsorption porosimetry quantify 
specific surface area and pore architecture in aerogels 
and other porous biomaterials [9-11, 16]. Dynamic light 
scattering and zeta potential measurements are widely 
applied to nanoparticle formulations to determine 
particle size distributions and colloidal stability [8, 13, 
14], whereas rheological and mechanical testing 
characterise viscoelastic behaviour, tensile properties, 
and processability in hydrogels and composite 
biomaterials [20, 21, 29]. 

Collectively, these methods demonstrate a high 
capacity for polymer structure-function analysis across 
Jordanian research groups. However, they are rarely 

paired with elemental (section 5.1) or comprehensive 
organic contaminant screening (section 5.2). This 
creates a structural-chemical disconnect, where 
materials are well-characterised mechanically and 
morphologically, but not safety-validated at the trace 
contaminant level relevant to biomedical exposure. 
Table 2 summarises this explicitly. 

5.4. Emerging Challenges 

Biopolymer fragmentation generates micro- and 
nanoplastics with altered surface chemistry and 
contaminant content, producing degradation products 
such as oxidised metal complexes, hydrolysed 
crosslinker fragments, and metal-chelate complexes 
that were not present in the original formulation and 
thus lack reference standards for detection. 
Characterising these would require highly advanced 
analytical techniques (e.g., coupling non-target HRMS 
with single-particle ICP-MS, which is specific for 
nanoparticles, to simultaneously track particle counts, 
size distributions, and elemental states), however, such 
instrumentation is difficult to attain in all the local 
academic hubs where biopolymer research is 
undertaken, as well as that approaches are restricted 
by the absence of standardised reference materials 
and protocols. 

6. HUMAN EXPOSURE PATHWAYS 

Biomedical implants represent the longest and most 
continuous exposure scenario (e.g., Cu-doped 
HAP/PCL membranes [46] and metal oxide-coated 
PLA screws [42] that release ions continuously over 

Table 2: Analytical Coverage of the Jordanian Biopolymer Studies Reviewed 

Polymer System Structural Characterisation Organic E&L Screening Elemental Screening 

Alginate XRF  
(to validate crosslinking ion) 

Chitosan FESEM-EDX 

Hyaluronic Acid 

Carrageenan 

Unperformed 

Unperformed 

Cellulose GPC (for molar mass data) SEM-EDS 

Starch/Cyclodextrins Unperformed 

PHA IRMS (to investigate biopolymer 
origin) GPC (for molar mass data) 

PLA 

PCL 

Gum Arabic 

Zein 

Comprehensive 

Unperformed 

Unperformed 
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two-to-three-year PCL degradation timelines). Standard 
in vitro release testing at neutral pH systematically 
underestimates ion release at the implant surface, 
where activated macrophages during the foreign-body 
response lower local pH to 4–5 and generate ROS, 
conditions that would accelerate metal liberation from 
crosslinked matrices beyond what neutral-pH disso-
lution studies predict. Cumulative ion burden over the 
years cannot be inferred from short-term release data. 

Drug delivery systems transform exposure into a 
controlled kinetic process, but any inorganic impurities 
embedded in the polymer matrix are co-released by the 
same diffusion and erosion kinetics that govern the 
API. For carrageenan-based sustained-release tablets 
and Fe-crosslinked hydrogels, co-released species are 
not characterised in pharmacokinetic studies (section 
2.4). The zein case is distinct (section 2.11), as the 
amino acid functional groups that make zein’s drug 
release sensitive to ionic strength [52] are the same 
groups independently shown to bind Cr(VI) at pH 2.0 
[54], therefore predicting that trace metals present in 
gastric fluid, or in the zein excipient itself, will alter 
release kinetics. 

Cosmetics and personal care products introduce 
chronic, repeated dermal exposure, often on 
compromised skin barriers (i.e., the very condition for 
which HA anti-ageing products are promoted) [19]. 
Even low per-application doses of metal contaminants 
from Fe(III)-crosslinked HA formulations or trace metals 
in glycerophosphate excipients accumulate differently 
under daily use than under the single-application 
conditions of standard E&L testing (section 4.3). 
Chitosan’s metal-chelating capacity when applied to 
the skin may actively redistribute trace metals from the 
skin surface, formulation, or environmental deposition 
[Algburi et al., 2025]. As for protein-containing 
biopolymers (e.g., Gum Arabic’s arabinogalactan-
protein fraction) [48], they present inherent allergenicity 
risks independent of metal contaminants. 

Fragrance delivery, another repetitive form of 
exposure amongst the general public, adds inhalation 
as a distinct route. When cyclodextrin (the most 
commonly used biopolymer for this route) 
microcapsules rupture on skin or fabric, they co-release 
volatile organic compounds (VOCs), along with any 
degradation products or trace contaminants associated 
with the CD matrix. Inhalation also bypasses the 
dermal and gastrointestinal barriers entirely, 
underscoring the importance of aerosolised particle 
size and co-contaminant profiles [35]. 

The implication across the reviewed routes is the 
same: the main question influencing exposure is not 
structural (how does the polymer perform?) but 
elemental (what does it co-release, and through which 
barrier, at what rate?). Because these four exposure 
routes differ by an order of magnitude in duration, 
barrier permeability, and clearance mechanism, a 
single E&L protocol cannot adequately characterise risk 
across all of them; thus, route-specific testing 
conditions are required. 

7. LIFE CYCLE ASSESSMENT AND CIRCULAR 
ECONOMY 

7.1. Methodological Gaps in Bioplastic LCA 

Elsewhere in the Levant, upon reviewing over 50 
bioplastic LCA studies, it was found that toxicological 
fate is determined primarily by methodological choices, 
such as biogenic carbon accounting conventions, land-
use change treatment, allocation rules, and regional 
inventory selection, rather than by renewable origin. 
For example, growing crops for bioplastics instead of 
food indirectly forces agricultural expansion elsewhere, 
which releases stored carbon, while fertiliser and 
irrigation use increase acidification and eutrophication 
impacts even if CO₂ emissions decrease. The review 
explicitly identifies MENA-specific life-cycle inventory 
data as a current gap requiring a regionalised water 
scarcity assessment (the AWARE, or Available Water 
Remaining, method), as European default values fail to 
capture the environmental reality [89]. 

A Mediterranean feedstock analogue (Greek 
agricultural residues including olive by-products, citrus 
peels, and grape pomace evaluated for cellulose-, 
lignin-, and pectin-based biomaterials) confirms that the 
technical potential for valorising Jordan’s equivalent 
feedstocks is regionally validated. However, the 
regional inventory, coordinated policy support, and 
contamination monitoring frameworks are identified as 
necessary for sustainable implementation [90], but are 
absent from the Jordanian context. 

As for the downstream use phase, it is commonly 
omitted, and end-of-life is modelled on generic rather 
than material-specific data. This is of particular 
consequence for biomedical polymers, where sections 
4 and 6 of this review identify the use phase as the 
principal human exposure stage, and it is precisely this 
stage that current LCA data typically omit [91]. 

7.2. Manufacturing to End-of-Life and Verification 
Necessity 

The University of Jordan reviewed green polymer 
nanocomposites, confirming that nanofiller 
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incorporation substantially improves mechanical 
performance, whilst acknowledging nanomaterial safety 
as an unresolved concern that would require further 
investigation [92]. This relates to how various literature 
promotes the advantages of green synthesis based 
solely on renewable feedstocks, while omitting the 
environmental impacts of residual catalysts, purification 
solvents, and leached metal nanoparticles (section 3), 
despite the rising industrial applications and adoption in 
packaging, medical devices and formulations, 
agriculture, etc., all of which scale up the impact of 
contamination. 

At the end-of-life stage, researchers confirm that 
biodegradable vs. conventional plastics are typically 
indistinguishable without spectroscopy, making 
separation at Jordan’s current Al-Karak facility 
impossible [93]. When biopolymers enter the recycling 
streams for conventional, synthetic plastics, they 
degrade the quality of the recycled output, as 
demonstrated by PLA and PHB contamination of PET 
recycling. It is also noted that biodegradation under 
anaerobic digestion often differs from that under 
aerobic conditions, which would require implementing 
end-of-life pathways specific to a given material rather 
than a blanket “biodegradable” labelling. Such 
pathways include advances in chemical and enzymatic 
recycling strategies to recover high-value polymers, 
such as enzymatic hydrolysis, glycolysis, or 
methanolysis under low temperatures, or thermal 
pyrolysis to retrieve virgin-grade monomers (e.g., lactic 
acid); however, their implementation remains limited in 
many regions internationally, including Jordan [94, 95]. 

A missing link within waste management strategies 
is connecting the design of a material with laws 
governing its collection, sorting, and treatment, even in 
the EU [96], but said gap is even more acute in Jordan, 
where, even though such “greener” alternatives are 
promoted [58], regulations in the sector are still limited 
to either chemical safety of finished pharma- and 
cosmeceuticals (e.g. JS ISO 17276) or to ensuring 
biodegradability of bioplastic as packaging materials 
(JS EN 13432), rather than chemical safety of them as 
excipients [97]. 

7.3. What a Credible and Holistic Jordanian 
Biopolymer LCA Requires 

Four departures from current default LCA practice 
would be needed: (1) MENA-specific LCI data replacing 
European defaults; (2) explicit use-phase modelling 
incorporating metal ion release and additive migration 

rather than omitting this stage; (3) end-of-life scenarios 
reflecting Jordan’s actual >90% landfill reality rather 
than idealised composting; and (4) full-cycle metal 
mass balance tracking heavy metals from 
contaminated feedstock through manufacturing, use, 
and end-of-life redistribution. For example, applying an 
AWARE-based regional water-scarcity characterisation 
factor to Jordan Valley cereal cultivation, rather than 
the European default, would be expected to 
substantially increase the water-scarcity footprint 
attributed to Jordanian starch-based feedstocks relative 
to current estimates, though the precise magnitude 
requires a dedicated study. The primary limitations are 
institutional and regulatory rather than technological, as 
sorting mechanisms, even those dependent on artificial 
intelligence, exist internationally and can be imported or 
implemented locally, but there is a lack of regional 
policy. 

8. DISCUSSION 

There are findings from independently authored 
sections that are consistent throughout this review, 
where their convergence is itself evidential. As, when 
compared with the broader sustainable polymer 
literature, the Jordanian studies reviewed demonstrate 
strong material development and structural 
characterisation, but they consistently lack 
comprehensive contaminant screening, long-term 
exposure assessments, and region-specific life-cycle 
data. 

First, biodegradability and chemical safety are 
empirically dissociated, not synonymous. This is 
established at the toxicological level [3], where origin 
does not predict chemical complexity or cytotoxicity, 
and independently at the LCA methodology level [90], 
where origin does not predict environmental 
performance. Two different scientific literatures arriving 
at structurally identical conclusions are strong grounds 
for treating the dissociation as a robust finding rather 
than a perspective. 

Second, Jordan possesses a unique contamination 
pathway that its biopolymer literature has not yet 
considered. Geological studies establishing mineral 
enrichment (section 3.2) sit alongside a polymer 
science literature that routinely characterises 
influenceable feedstocks (e.g., starch, cellulose, PHA, 
gum Arabic, and chitosan) (section 2), using mainly 
structural methods ncapable of resolving trace 
elemental contamination at levels of regulatory concern 
(section 5.3). The mismatch is between what is 
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measured (mechanical, thermal, and release 
properties) and what is needed to verify safety (trace 
elemental and organic-chemical contaminant profiles 
under exposure-route-relevant conditions). 

Based on the current evidence, the likelihood of 
contamination can be tiered, with starch, zein, and 
olive-derived cellulose carrying the most direct 
contamination risk through feedstock contact with 
phosphate-fertilised soils. Gum Arabic and Dead-Sea-
fermented PHA carry plausible but unmeasured 
pathways via protein-metal coordination chemistry and 
halophilic metal accumulation. As for intentionally 
metal-functionalised systems (e.g., Cu-alginate, Fe 
HA/carrageenan), they present deliberate dose-
dependent exposure distinct from incidental 
contamination, though it is not unlikely for both to 
coexist in Jordanian-sourced materials. 

Closing the various recurring gaps requires a 
coordinated initiative, including: (1) ICP-MS screening 
of the highest-plausibility feedstocks (starch, zein, olive 
cellulose) using external laboratory collaboration where 
institution-based access is limited; (2) Expanding 
extractables and leachables protocols to characterize 
metal migration under realistic local exposure 
conditions of high salinity; (3) building LCA on regional 
inventory data with explicit use-phase dynamics and 
actual domestic waste infrastructure; and (4) regulatory 
engagement with JFDA and JISM to establish 
contaminant screening as a strict requirement for 
pharmaceutical-grade biopolymers. 

9. CONCLUSION 

Transitioning away from petroleum-derived plastics 
is a necessary environmental objective, but true 
sustainability requires verifying that alternative 
materials are chemically safe throughout their entire life 
cycle. Investigating whether geogenic contaminants 
accompany Jordan's downstream bioeconomy 
products is an essential task for future research, as this 
review argues, rather than promoting reassurance or 
alarm. 
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