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Abstract 

α-Polylysine (PLys) is a versatile, renewable, and biodegradable polymer with extensive 

amine functionality and water-solubility, making it an ideal candidate for environmental 

remediation, biomedical applications and beyond. However, conventional synthesis of linear 

PLys relies on toxic reagents for preparation of monomer L-lysine N-carboxyanhydride (Lys-

NCA) and side-chain deprotection after polymerisation, raising environmental and safety 

concerns that hinder its commercial scalability and sustainability.  

 

An environmentally friendly method for PLys production was adapted and modified in this 

study using thermal deprotection of fluorenylmethyloxycarbonyl (Fmoc)-protected PLys, 

eliminating the need for hazardous deprotection agents and offering a greener and more cost-

effective alternative. Homopolymeric PLys and poly(ethylene glycol) -b-α-polylysine (PEG-

b-PLys) block copolymers can be prepared using this method, showcasing their superior 

performance in removing Pb2+ ions from aqueous solutions.  

 

Two types of PLys-based hydrogels, polylysine/glutaraldehyde (Glu) hydrogels (PLys/Glu 

Gels) and polylysine/genipin hydrogels (PLys/Gen Gels), were prepared by mixing PLys with 

varying mass ratios of Glu and genipin, respectively. The swelling behaviour, mechanical 

properties, and maximum uptake capacity of Reactive Black 5 (RB5), a water-soluble azo dye 

commonly used in the textile industry, were influenced by the degree of crosslinking: a lower 

crosslinker content resulted in enhanced RB5 adsorption and swelling but reduced 

mechanical performance. These findings highlight the potential of these PLys-based 

hydrogels as sustainable adsorbents for effective RB5 removal. 

 

The ring-opening polymerisation of the 2,5-diketopiperazine (DKP) of Lys(cbz) was done as 

an alternative procedure to NCA ROP to create PLys. Lys(cbz) DKP monomer synthesis was 

achieved in glycerol, and polymerisation proceeded from hexylamine using an acid-base 

organocatalyst (MSA /DIPEA) system. Following side group deprotection to form PLys, 
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genipin was employed as a natural crosslinking agent to yield chemical hydrogels, the 

mechanical properties of which could be altered by the extent of genipin crosslinking. These 

hydrogels were able to uptake and withhold diclofenac (DIC, a nonsteroidal anti-inflammatory 

drug widely used for pain relief and anti-inflammatory treatment), prior to prolonged payload 

release. PLys synthesis by DKP ROP offers a route to amino acid-based hydrogel materials that 

have potential as DIC enteric-coated tablets that enhance drug bioavailability. 

 

Overall, the thesis demonstrates sustainable preparation and multifunctionality of PLys-based 

materials, ranging from synthesis methods with low toxicity, structural design and process 

optimisation. These applications in chapter 3-5 provide new perspectives for the advancement 

of PLys-based materials in environmental purification and controlled drug delivery.  
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Chapter 1  Literature Review 

1.1 Polylysine  

 

Polylysine is a homopolymer composed of numerous lysine residues[1, 2]. It can be categorised 

into two types based on the bonding position of the amide bond, owing to the presence of two 

amine groups in lysine[1, 3]. If the amide bond is formed by the α-amine group, α-polylysine 

(PLys) forms; if the amide bond forms at the ε-amine group (the amine group on the lysine side 

chain), the polymer is ε-polylysine. The chemical structures of lysine, PLys and ε-PLys are 

demonstrated in Figure 1-1. 

 

 

Figure 1-1 Chemical structure of (a) lysine, (b) PLys and (c) ε-PLys. 

 

1.1.1 α-polylysine (PLys) 
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PLys is a synthetic homopolymer recognised for its biocompatibility and enzymatic 

degradability into lysine monomers[4]. Its high water-solubility, attributed to the ionisable 

amine groups, makes it ideal for use in aqueous environments[5]. The positive charge of PLys 

facilitates electrostatic interactions with negatively charged molecules, such as nucleic acids, 

anionic proteins, and anionic drugs[6].  

 

As a poly(amino acid), PLys has structural similarity to proteins, for instance the repeat units 

are linked by amide bonds and the PLys can form secondary structures[7]. The conformation 

of PLys has been extensively studied using techniques commonly applied in protein research, 

as these conformational changes significantly influence its efficiency in drug delivery 

applications[8]. For instance, research has shown that the conformation of PLys transitions 

from a polyproline II (PII)-helix to an α-helical structure as the pH of the external solution 

increases from 4 to 11.6 (Figure 1-2)[9]. Additionally, temperature variations can induce 

structural changes, such as the transformation to an aggregated β-sheet structure at elevated 

temperatures (Figure 1-2)[9]. The solvent environment also impacts its conformation; for 

example, tetrafluoroethylene and dimethyl sulfoxide promote the α-helical structure, while 

ethylene glycol and water favour the PII-helix conformation[9]. Such transformations may 

enable controlled drug release in response to changes in environmental pH or temperature. 
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Figure 1-2 Linear polylysine physical structure confirmation[9]. 

PLys, as an AB2 type monomer which contains one A functional group (carboxyl group) and 

two B functional groups (amine groups), where A can react with B, can form as a linear polymer, 

a hyperbranched polymer, or as a dendrimer, dependent on the synthetic protocol used[10-12] 

(Figure 1-3). All three polymeric architectures are different, both in preparation and their 

properties, ensuring the versatility of PLys to create a range of materials. As its name implies, 

linear PLys presents a simple, long-chain structure, with one free amine group per lysine repeat 

unit. For linear PLys to form, protecting groups must be present on one of the amines of Lys 

during polymerisation. If such protecting groups are absent both amine groups can react to 

form a hyperbranched polymer. The polymeric architectures feature an uncontrolled branched 

architecture, with branching occurring irregularly throughout the polymer. Dendritic PLys is a 

highly branched yet symmetrical polymer with a tree-like shape. It is characterised by a well-

defined, multi-layered structure in which branches extend radially from a central core, 

distinguishing it from the irregular branching of hyperbranched PLys. Although dendritic PLys 

synthesis is challenging due to the requirement that each amine group apart from those on the 

periphery must react, the polymers produced are identical with a dispersity value of one, and 
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so highly suited as carriers in controlled release applications[13].  

 

 
Figure 1-3 Different PLys architectures: (A) linear PLys, (B) hyperbranched PLys, and (C) 

dendritic PLys[14]. 

 

Applications of PLys or PLys derivatives are mainly focused on the biomedical industry. 

Though high concentrations of PLys are reported to have cytotoxic effects on L929 mouse 

fibroblasts, the dose control or modification may help to alleviate this toxic side effect, ensuring 

that the viability of PLys as a biomaterial for use in vivo[15]. PLys has been used to promote 

cell attachment on culture substrates including borosilicate glass and polystyrene culture ware, 

with polymer modifications done to increase material effectiveness [16]. Grafting polyethylene 

glycol (PEG) onto PLys can prevent excessive accumulation at the target site by improving the 

material's biodistribution through adjustments in size and surface charge[17, 18]. Cellular 

uptake of PLys has generated significant interest in its use for complexing with drugs to 

enhance intracellular delivery. For instance, certain cancers, including osteosarcoma, breast 
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and bladder cancer, exhibit resistance to methotrexate due to a deficient methotrexate transport 

system. However, when methotrexate was conjugated to PLys, the resulting conjugate was 

efficiently transported into cancer cells, breaking down the drug resistance. Following 

treatment with the methotrexate–PLys conjugate, the previously required 100-fold difference 

in the drug concentration necessary to inhibit methotrexate-resistant cells compared to their 

wild-type counterparts was eliminated [19].  

Furthermore, PLys has been used as an intermediary carrier for gene delivery[20, 21]. In 

addition to adhering to cells, the gene-PLys complex must properly disassemble and 

subsequently translocate into the cell nucleus upon arrival. Polyelectrolyte exchange reactions 

enable the release of DNA from PLys complexes, forming the basis for its application as a DNA 

or RNA carrier[22]. When comparing three different types of PLys-based DNA delivery 

systems, hyperbranched PLys demonstrated significantly higher transfection efficiency 

compared to linear and dendritic PLys[23].  

 

1.2 Chemical synthesis of linear PLys  

 

PLys is of critical importance because it bridges the gap between the simple amino acid lysine 

and the creation of advanced biomaterials. In detail, PLys possesses abundant amine groups, 

which grant it cationic properties, favourable solubility in water and versatile sites for chemical 

modification[24]. Creating PLys via a synthetic chemical process affords control to the PLys 

produced in terms of the architecture, but also the chain length and uniformity of chain lengths. 

Polymer dispersity impacts performance with high uniformity essential for consistent and 
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predictable polymer performance in biomedical applications, such as drug delivery. However, 

for PLys to be widely used within a biomedical context and beyond, scalable, safe, and cost-

effective synthesis methods must be devised.  

 

1.2.1 PLys prepared via amino acid N-carboxyanhydride (NCA) ring-opening 

polymerisation (ROP) 

 

PLys can be synthesised directly by the polycondensation of lysine amino acids. However, this 

polymerisation is difficult resulting in high dispersity polymers and batch-to-batch variation in 

molecular weights. Consequently, other synthetic routes have been devised to afford control to 

the polymerisation process, and consistency to the PLys produced. A common method of 

poly(amino acid) synthesis, which will be used in this research, features amino acids being 

converted to cyclic molecules such as NCAs[25]. This polymerisation requires R group amine 

protection and post-polymerisation deprotection, but PLys can be converted to targeted 

molecular weight via straightforward nucleophile-initiated ROP[26, 27]. If without protection 

of R group, branched PLys rather than linear PLys will form. 

 

NCA ROP commences with the conversion of the amino acid to the corresponding NCA. For 

R-group protected lysine conversion to NCA, triphosgene is commonly used (Scheme 1). 

While phosgene, a gas, is no longer used in this reaction due to its high toxicity and difficulty 

in handling, it is created from the decomposition of solid triphosgene during this process[26]. 
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Figure 1-4 Synthesis scheme for Lys-NCA using triphosgene. R represents the various 

protecting groups that may be used to ensure linear PLys creation. 

 

Two mechanisms for the polymerisation of Lys-NCAs monomers have been reported; the 

normal amine mechanism and the activated amine mechanism[26]. In the normal amine 

mechanism, the initiators contain nucleophilic groups such as primary or secondary amines, 

and alcohols. The carbonyl group that is on the opposite side of the ring from the nitrogen atom 

is attacked by nucleophilic agents, because it is the most electrophilic position. NCA ring-

opening occurs and unstable carbamic acid forms. After the removal of CO2 from the medium, 

a new terminal amine group forms that can react with a new NCA molecule in the same way, 

causing chain propagation and the subsequent formation of PLys. The polymerisation is classed 

as a ‘living’ polymerisation due to the absence of chain terminating species and so the 

molecular weight of the synthesised PLys can match the monomer-to-initiator ratio if the 
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polymerisation is done in the absence of contaminants.  

 

The activated amine mechanism involves bases, especially tertiary amines, that function as 

catalysts rather than initiators[28]. They deprotonate the nitrogen in the five-membered ring, 

increasing the nucleophilicity of the NCA, and thus activating the NCA to form a NCA anion. 

Analogous to the initiator in the amine mechanism, the activated NCA anion can react as a 

nucleophile with C5 carbonyl carbon of a new NCA monomer, which is located opposite to the 

cyclic amide, releasing CO2 and creating a new activated NCA anion. This propagates the chain 

extension of PLys. Although PLys with higher molecular weights can be produced through this 

mechanism, the limited control typically leads to a broader molecular weight distribution of 

PLys, and thus normal amine mechanism are generally preferred for synthesis of well-defined 

PLys.[26, 29]. 

 

A major drawback of common NCA synthesis is the use of triphosgene as a cyclising agent, 

used to convert the amino acid to the cyclic NCA structure. Although triphosgene is a solid, it 

should be handled with the same precautions as phosgene owing to the release phosgene gas 

upon decomposition. Therefore, meticulous care is essential when using triphosgene to ensure 

safety. The toxicity of triphosgene has prompted researchers to explore alternative triphosgene-

free synthesis methods. 

 

1.2.1.1 NCA formation using n-Propanephosphonic acid anhydride (T3P) 
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Straightforward phosgene- and halogen-free methods for synthesising α-amino acid NCAs are  

in-demand. One approach to this involves reacting tert-butyloxycarbonyl (Boc)-protected α-

amino acids with T3P, yielding the corresponding NCA derivatives with high purity and yields, 

while avoiding detectable epimerisation[30]. However, this method imposes strict 

requirements on the structure of the raw materials; specifically, it necessitates the use of Boc-

protected amino acids. The mechanism for NCA formation using this method is illustrated in 

Figure 1-5. In the presence of T3P (acting as a catalyst) and pyridine (serving as a basic 

promoter), Boc-protected α-amino acids are activated and react with phosphate groups to form 

an intermediate characterised by phosphate ester. Pyridine acts as a nucleophilic reagent, 

attacking the activated phosphate ester, which leads to the removal of T3P. The resulting 

intermediate then undergoes rearrangement to form a stable NCA product, accompanied by the 

release of protons from pyridine and isobutene. In the other, thermodynamically driven 

pathway, the cyclisation reaction occurs following the formation of an intermediate containing 

a phosphate ester group, ultimately producing NCAs. 
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Figure 1-5 Mechanism of formation of NCAs under assistance of T3P[30]. 

Using this method, (Boc)-NCA was obtained from 10 g of Boc-(L)Lys-(Boc)-OH at an 83% 

yield, demonstrating the suitability of the process for the production of Lys-NCAs[30]. 

 

1.2.2 Poly(amino acids) prepared via 2,5-diketopiperazine (2,5-DKP) ROP  

 

Another class of amino acid-based compound, 2,5-diketopiperazines (2,5-DKPs), has the 

potential as a monomer for synthesis of PLys. 2,5-DKPs are naturally occurring compounds, 

often formed as degradation products of polypeptides but also found as components of more 

complex structures[31]. 2,5-DKPs feature a conformationally constrained, six-membered 

heterocyclic ring comprising two amide linkages with cis-amide bonds, where the nitrogen 

atoms and carbonyl groups are positioned on opposite sides of the ring (Figure 1-6). This 

structure provides two H-bond acceptor sites and two H-bond donor sites and the carbon atoms 

between the amide linkages are attached to R groups. The R groups differ dependent on the 
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specific amino acids used to synthesise the 2,5-DKP[31]. 

 

 
Figure 1-6 General structure of 2,5-DKP (left) and lactide (right). 

 

DKPs can be obtained by the direct condensation of two amino acids in glycerol or ethylene 

glycol at 170 °C–180 °C. As an eco-friendly alternative, DKPs have the potential to replace 

NCAs, offering a greener synthesis pathway that avoids the use of harmful and expensive 

organic solvents and coupling agents. But a significant challenge lies in this developing method 

is to efficiently open the 2,5-DKP ring for polymerisation. 

 

Research on the ROP of DKP is limited, but a cyclic diester, lactide, has been reported to 

undergo ROP in different kinds of catalytic system[32-34]. Nonstoichiometric acid−base 

organocatalyst has been used to promote the ROP of glycolide. A mixture of methanesulfonic 

acid (MSA) and 4-(dimethylamino)pyridine (DMAP) in a 2:1 ratio has been demonstrated to 

facilitate the preparation of stereoregular poly(L-lactic acid) (PLLA) via ROP under bulk 

conditions and elevated temperatures (up to 180°C), producing colourless PLLA with a 

molecular weight of 40 kg/mol[34]. 
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Under high-temperature conditions, the MSA/DMAP catalyst system cooperatively attacks the 

carbonyl group at one end of the monomer, initiating an epimerization and ring-opening 

process, as depicted in the figure 1-7, leading to the synthesis of the desired linear polymer. 

 

Figure 1-7 Proposed mechanism for ROP of lactide by DMAP:MSA (1:2)[34]. 

 

The structural difference between DKP and lactide lies on that the positions of nitrogen atoms 

in six-member ring (DKP) were occupied by oxygen atoms (Figure 1-6). The carbonyl carbon 

in an amide exhibits a conjugation effect with the adjacent nitrogen atom, resulting in electron 

density redistribution. This delocalization reduces the electrophilicity of the carbonyl carbon 
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compared to the carbonyl carbon in an ester and thus ROP of DKP is more difficult than that 

of lactide[35]. If using same catalyst system, ROP of DKP may require more intensive reaction 

conditions or result in polymers with lower molecular weights under the same conditions. 

However, this remains a speculative comparison. 

 

1.2.3 Deprotection of protected PLys 

 

The polymerisation of PLys typically involves two key steps: (1) the synthesis of intermediate 

PLys with protecting groups bound to the primary amine of the Lys R groups, and (2) the 

subsequent removal of these protecting groups. The use of protecting groups in the 

polymerisation of PLys is crucial for achieving precise structural control, preventing undesired 

side reactions. Following polymerisation, deprotection restores the native amine functionality, 

enabling the polymer to meet the requirements of its intended applications. 

 

Common protecting group used in the synthesis of PLys includes: Boc, carbobenzyloxy (Cbz), 

9-fluorenylmethyloxycarbonyl (Fmoc), allyloxycarbonyl (Alloc), 4-methyltrityl (Mtt) and 

Trifluoroacetyl (Tfa) protecting groups. Their structure and common methods how to removed 

them were summarized in Table 1-1. 

 

The methods presented in the table 1-1 indicates that regardless of the protecting group 

employed during polymerisation, certain challenges persist in the deprotection process. These 

include the use of highly corrosive acids, reliance on costly precious metal catalysts, or the 
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involvement of organic reagents with physiological toxicity. 

 

Table 1-1 Common protecting group for PLys synthesis and corresponding removal method. 

Protecting 

group 

Chemical structure 

(marked in blue colour) 

Removal Methods References 

Boc 

 

(1) 25-50% Trifluoroacetic acid 

(TFA)- Dichloromethane (DCM) 

(2) 1M HCl in EtOAc 

(3) 2M MeSO3H in dioxane 

[36, 37] 

Cbz 

 

(1) 33%HBr/AcOH solution in 

TFA 

(2) H2-Pd/C 

[38, 39] 

Fmoc 

 

Piperidine or morpholine in organic 

solvents 

[40] 

Alloc 

 

 H3N·BH3, Me2NH·BH3 or  

PhSiH3 in organic solvents 

[41] 

Mtt 

 

1% TFA-DCM [42] 

 

To enhance practical application of PLys, future developments in its chemical synthesis should 
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emphasise cost-effectiveness and simultaneously strive to minimise the use of toxic reagents 

and environmentally harmful materials. 

 

1.3 Application of PLys 

 

Building on the general overview of PLys provided in Section 1.1, this section will introduce 

more specific applications of PLys and its derivatives. The chemical preparation process of 

PLys is relatively complex, resulting in high production cost, which limits its popularity in low 

value-added fields. Combined with its excellent biocompatibility, functional potential and 

positive charge characteristics, PLys has become an ideal candidate for high-end biomedical 

applications, including gene delivery, tissue engineering, wound care and corresponding 

interdisciplinary area. 

 

Non-viral gene delivery systems, recognised for their safety, ease of handling, and cost-

effectiveness compared to viral tools, can be developed using PLys[43]. Due to its positive 

charge under physiological conditions, PLys efficiently condenses negatively charged DNA. 

However, unmodified PLys has been observed to increase membrane permeability and cause 

nanoscale pore formation with considerable cytotoxicity[44]. To mitigate these disadvantages, 

bioinert polymers or chemicals are grafted onto PLys, effectively masking its cationic charge, 

reducing aggregation, and improving both cellular uptake and stability[45, 46]. 

 

PLys conjugated with various lipids has been shown to effectively function as a gene delivery 
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system[47]. This strategy has enabled the successful transfer of plasmid DNA (pEGFP) into 

skin fibroblasts. Lipid-modified PLys with higher lipid substitution levels exhibited greater 

resistance to dissociation upon heparin treatment, providing enhanced protection of pEGFP 

from enzymatic degradation. Flow cytometry confirmed efficient protein expression with PLys 

conjugated to myristic or stearic acid, with stearic acid demonstrating comparatively lower 

cytotoxicity. Compared to pristine lipids alone, lipid-conjugated PLys achieved higher gene 

delivery efficiency and supported stable intracellular pEGFP expression for up to seven days. 

 

PEG has been grafted onto the side amine groups of PLys, creating a gene delivery system for 

the therapeutic candidate gene hypoxia-inducible transcription factor 1α (HIF-1α), which plays 

a critical role in blood vessel regeneration[48]. Delivery of the HIF-1α gene using this tool has 

been shown to promote the number of endothelial cells and smooth muscle cell precursors, 

which are essential for the formation of mature blood vessels during the wound healing process. 

 

Polylysine-graft-poly(2-methyl-2-oxazoline) (PLys-g-PMOXA) polymers, featuring varying 

grafting densities and PMOXA molecular weights, were evaluated for their ability to complex 

and deliver plasmid DNA[49]. The study revealed that efficient DNA delivery was highly 

dependent on the PMOXA grafting density and molecular weight, with optimal performance 

observed at a low grafting density of 7–14% and a moderate NH4
+/PO4

3- (N/P) charge ratio 

between 3.125 and 6.25. After transfection, PLys-g-PMOXA-DNA condensates were 

internalized by cells within 2 hours and were observed to localize near the perinuclear region 

after 6 hours. These condensates, with a hydrodynamic diameter of approximately 100 nm, 
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exhibited stability in serum and retained their structural integrity even after exposure to 70°C 

heat treatment. Additionally, they effectively protected DNA from degradation by nucleases. 

A novel large pore mesoporous silica nano particles (LP-MSNs) functionalized with PLys were 

designed as a new carrier material for gene delivery applications, and preparation of this vehicle 

can be described in the following procedures[50]: (1) 3-glycidoxypropyl trimethoxysilane (3-

GPS) grafted onto the silica surface of the spheres through a standard silanoxane coupling 

mechanism to make LP-MSN-E. (2) PLL was attached to the silica through a nucleophilic 

addition reaction with the epoxide groups of 3-GPS. This interaction is driven by the 

nucleophilic attack of the lone electron pair of nitrogen atoms in PLL on the strained acidic 

carbons of the epoxide ring, leading to the ring opening to obtain LP-MSN-P. 

 

 
Figure 1-8 Schematic illustration of the steps for the PLys grafting and gene loading into LP-

MSN-P[50]. 

The composites of LP-MSNs and PLys, referred to as LP-MSN-P, were developed as carriers 
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for DNA or siRNA. The incorporation of PLys significantly enhanced the nanoparticles' 

binding affinity for oligo-DNAs compared to unmodified silica particles, thereby surpassing 

native nanoparticles in their efficiency as gene carriers. These functionalized nanoparticles 

demonstrated low cytotoxicity at concentrations up to 100 μg/mL. Moreover, LP-MSN-Ps 

effectively delivered siRNA, leading to a significant reduction in the viability of oncogene-

expressing cancer cells, highlighting their potential for therapeutic applications[50]. 

 

Targeted drug delivery is achieved through stimuli-responsive signals, which may include pH, 

temperature, enzymes, or other biological triggers that regulate the rate of controlled drug 

release[2]. PLys-based materials, utilized in forms such as conjugates, block copolymers, or 

gels, enhance the efficiency of targeted delivery systems[51].  

 

4-(Decyloxy)benzaldehyde (DBA) was conjugated to methoxy-poly(ethy-leneglycol)–block–

poly(l-lysine hydrochloride) (PEG-b-PLys) to develop a pH-responsive nanoparticle 

system[52]. Under physiological conditions (pH 7.4), the alkyl groups of DBA interacted with 

the polylysine segment via benzoic-imine bonds, forming a toothbrush-like structure. Upon 

exposure to a lower pH, the benzoic-imine bonds broke, causing the super amphiphilic structure 

to disassemble into hydrophilic components, leading to the release of encapsulated molecules. 

This disassembly was reversible when the pH was increased (Figure 1-9). Notably, the 

nanoparticles disassembled at a pH of approximately 6.5, which is close to the extracellular pH 

of tumour cells. Above pH 7.4, the encapsulated concentration of Nile Red (measured via 

fluorescence intensity) remained stable at around 0.6 mg/mL. However, at a mildly acidic pH 



19 

 

of 6.5, the encapsulated drug concentration dropped sharply to about 0.05 mg/mL. This pH 

shift from 7.4 to 6.5 triggered the release of encapsulated Nile Red within 20 minutes, 

demonstrating the rapid-release capability of the self-assembled system. 

 

Figure 1-9 Building blocks of the super-amphiphile and the pH-responsive property of the 

self-assembled aggregates[52]. 

 

Biocompatible and pH-responsive vesicles were successfully developed using the triblock 

copolymer poly(ethylene glycol) methyl ether acrylate-block-poly(L-lysine)-block-poly(L-

histidine [(PEGA)₃₀-b-p(Lys)₂₅-b-p(His)] synthesized through a combination of reversible 

addition−fragmentation transfer (RAFT) polymerisation, ROP of lysine-NCAs, and 
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azide−alkyne click cycloaddition reactions[53]. These stimuli-responsive copolymers were 

capable of forming hybrid vesicles that effectively internalized into NIH 3T3 and CT26 cells, 

with cell viability exceeding 94% across a wide vesicle concentration range (0.1−100 μg/mL). 

Doxorubicin (Dox)-loaded vesicles demonstrated preferential drug release in acidic 

environments, particularly in CT26 cells. Acidic endosomal pH caused the imidazole ring of 

the p(His) block to be protonated, and the positively charged imidazole groups repel each other, 

leading to the pH-induced destabilization of the vesicle bilayer. At pH 7.4, around 30% of Dox 

remained in the vesicles after 72 h. At pH 5.5, the release rate was much faster; within the first 

24 h, beyond 50% of the initial load was released, reaching 80% within 72 h. 

 

To introduce temperature-responsive properties to PLys, it must be conjugated with a polymer 

that inherently exhibits such characteristics. Among temperature-sensitive polymers, poly(N-

isopropylacrylamide) (PNIPAM) is the most well-known, displaying lower critical solution 

temperature (LCST) behaviour at 32 °C[54]. 

 

Rod-coil block copolymers, poly(N-isopropylacrylamide)-b-PLys (PNIPAM-b-PLys), were 

obtained using a combination of atom transfer radical polymerisation (ATRP) and ROP[55]. 

These amphiphilic hybrid rod-coil block copolymers exhibited the capacity to form a variety 

of morphologies, including spherical micelles, wormlike micelles, and vesicles, through 

adjustments in copolymer compositions or solvent conditions. In aqueous environments, the 

block copolymers demonstrated dual stimuli-responsive behaviour, undergoing coil-to-helix 

and coil-to-globule transitions when subjected to environmental changes, such as a shift from 
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neutral pH to pH 13 or an increase in temperature from 25°C to 45°C (Figure 1-10). These 

adaptable self-assembly characteristics emphasise the potential of PNIPAM-b-PLys for 

applications requiring highly tunable and responsive systems. For example, they can be used 

as “smart” drug or gene carrier, where PLys segment can adhere to membranes of abnormal 

cells or complex with nucleic acids, while PNIPAM segment can control the release of 

capsulated contents under thermal stimulation[56-58]. 

 

Figure 1-10 Proposed schematic representation of the PNIPAM -b-PLys stimuli-responsive 

behaviour of the pH-induced coil-to-helix and thermo-induced coil-to-globule transition in 

aqueous solution, adapted from [55]. 

 

Codelivery of genetic material and a small molecule drug proves beneficial. Co-delivery 

systems can overcome drug resistance and increase the effectiveness of treatment, especially 

in cancer therapy. 
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Through complex synthesis procedures, involving ROP, click chemistry, aminolysis, and 

hydrolysis, [poly(L-lysine)-b-poly[N-(N', N'-diisopropylaminoethyl)aspartamide] copolymers 

(PLys-b-P[Asp(DIP)]) can be prepared[59]. Designed pH-responsiveness and self-assembly 

behaviours can be achieved with varying PLys and PAsp(DIP) block lengths. These copolymers 

formed stable micelles at pH 7.4, characterised by a partially hydrated PAsp(DIP) core and a 

PLL corona which could effectively encapsulate DOX in the PAsp(DIP) core, while 

simultaneously forming complexes with siRNA through interactions with the PLL shells. At 

pH 5.4, the micelles disassembled due to the further protonation of the tertiary amines in the 

PAsp(DIP) block, disrupting the micellar structure and facilitating the release of both the 

encapsulated drug and siRNA. 

 

Due to its polycationic nature, PLys plays an important part in wound care and tissue 

regeneration fields. Cationic protonated amine groups can electrostatically interact with 

negative-charged surface of cell membranes or proteins which contributes to tissue 

repairing[60-62]. Hence, cells adhesion and tissue repairing performance on PLys-based 

substrates can be promoted at the same time. PLys can form layer by layer assembly 

polyelectrolytes with hyaluronic acid, a natural biocompatible and biodegradable anionic 

polysaccharide under the assistance of crosslinker 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC)[63]. Human adipose-derived stem 

cells were selected for cultivation on substrates with varying crosslinking densities, which were 

regulated by the concentration of EDC. Substrates with higher crosslinking density promoted 

greater cell spreading and enhanced osteogenic differentiation, whereas those with lower 
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crosslinking density were more favourable for supporting adipogenic differentiation[63]. 

Richert et al. fabricated a multilayered polyelectrolyte film consisting of PLys and 

poly(glutamic acid) which was capable of modulating cell adhesion performance through pH 

adjustments during the deposition process[64]. Films prepared at pH 10.4 exhibited enhanced 

cell adhesion, whereas those formed under acidic conditions (pH 4.4) repelled cells. This 

variation was linked to the water swelling properties of the films, which were greater under 

basic conditions and reduced under acidic conditions[65]. Incorporating PLys into composite 

materials allows for the modulation of mechanical robustness, biodegradability, and bioactivity 

to suit specific requirements in tissue engineering or wound healing. These composites, 

particularly in the form of hydrogels, have shown great promise in various applications, 

including bone, cartilage, and neural tissue regeneration[66]. Discussions on these applications 

will be provided in the section on PLys-based hydrogel materials. 

 

1.4 Adsorption, adsorbents and PLys-based adsorbents 

 

Pure and uncontaminated water is vital for all living organisms; however, despite covering over 

71% of the Earth's surface, less than 1% of available water meets international standards for 

potable use due to extensive pollution[67]. Among the various pollutants, heavy metal ions and 

organic dyes are particularly hazardous, as even trace amounts can pose significant risks to 

human health and contribute to the development of numerous diseases[68]. 

 

Eliminating toxic elements and compounds at low concentrations is a challenging task. To 
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tackle this issue, a range of purification techniques has been taken to remove pollutants such 

as heavy metals, dyes, insecticides, fertilizers, organic acids, and halogenated and phenolic 

compounds[69-71]. These methods include precipitation, incineration, flocculation, 

coagulation, ion exchange, reverse osmosis, membrane filtration, electrochemistry, photo-

electrochemistry, advanced oxidation processes, and biological methods, each demonstrating 

varying levels of remediation efficiency[72]. 

However, these approaches have suffered from several drawbacks, including limited removal 

efficiency, excessive sludge generation, high costs and energy consumption, the formation of 

toxic by-products, and the potential introduction of additional harmful chemicals into the 

environment. In light of these challenges, adsorption has emerged as one of the most effective 

and economical water treatment strategies[67]. Recent years have witnessed notable 

advancements in the design and development of various adsorbents for wastewater purification, 

These adsorbents, aiming for different pollutants, are illustrated in Figure 1-11[73]. 
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Figure 1-11 Various types of adsorbents for removal of pollutant from water 

environment[73]. 

 

Two key concepts are fundamental to understanding the adsorption process. Adsorbate refers 

to the substance that is adsorbed onto the surface of an adsorbent[74]. This can include 

molecules, atoms, or ions present in a gas, liquid, or solution[75]. For instance, in wastewater 

treatment, pollutants such as heavy metal ions and dye molecules in the solution act as the 

adsorbate. Adsorbents, on the other hand, are natural or synthetic materials with the ability to 

adsorb substances[76]. Their surfaces attract and retain the molecules or ions of the adsorbate. 

Adsorbents typically possess a high surface area and a porous structure, which enhance their 

adsorption capacity[77]. Adsorption behaviour in aqueous environment can be vividly depicted 

in Figure 1-12. 
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Figure 1-12 Adsorption behaviour in aqueous environment, modified from [78]. 

 

The advantages and disadvantages of five types of adsorbents have been summarised in Table 

1-2, based on Singh et al.'s comprehensive review [67] on adsorbents for water purification. 

 

Bioadsorbents are materials obtained from biological sources, including agricultural 

byproducts, natural polymers, microorganisms, and waste biomass, which are employed to 

adsorb and eliminate contaminants[79]. Strictly speaking, the agricultural waste adsorbents 

mentioned in the above table also fall under the category of bioadsorbents. 
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Table 1-2 Pros and cons of different type of adsorbents. 

Type Examples Pros Cons 

Natural 
Clay, zeolites, 

peat 

Low cost, eco-friendly, 

abundant, effective for 

metals/dyes 

Limited capacity, requires 

modification for complex pollutants. 

Biomass 

(Bioadsorbents) 

Chitosan, 

algae, yeast 

Renewable, 

biodegradable, high 

selectivity for metals 

Stability and preparation costs are 

concerns. 

Industrial Waste 
Fly ash, red 

mud 

Cost-effective, reuses 

waste, high capacity for 

pollutants 

Requires pretreatment, potential 

secondary pollution. 

Agricultural Waste 

Rice husk, 

banana peels, 

orange peels, 

coconut 

shells, wheat 

straw 

Inexpensive, 

sustainable, good for 

low-pollutant scenarios 

Low durability, needs treatment, 

limited high-scale use. 

Synthetic 

Activated 

carbon, 

carbon 

nanotubes 

(CNTs), 

graphene 

oxide, 

polymer 

resins 

High capacity, selective, 

reusable 

Expensive, potential environmental 

risks. 

 

Bioadsorbents have gained increasing popularity in recent years due to the following 

reasons[79]: they are derived from renewable and biodegradable sources, making them an 

environmentally sustainable option for wastewater treatment. Their production is typically low-

cost, as they are often manufactured from inexpensive, readily available materials. Many 

bioadsorbents contain functional groups, such as hydroxyl, carboxyl, and amino groups, which 

exhibit strong interactions with contaminants, enabling efficient adsorption. Additionally, 

bioadsorbents can be chemically tailored or modified to target specific pollutants, enhancing 
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their adsorption efficiency and selectivity. Furthermore, their preparation and disposal are less 

prone to causing secondary pollution, further emphasizing their environmental advantages. 

 

Chitin and chitosan, as biomass materials rich in amino and hydroxyl groups, have 

demonstrated significant potential for adsorbing heavy metal ions and organic dyes[80]. These 

biopolymers are derived from renewable sources, including crab and shrimp shells, insect 

exoskeletons, and fungal cell walls[80]. Chitin is a linear polysaccharide composed of N-

acetyl-D-glucosamine units linked by β-(1-4) glycosidic bonds. Through a deacetylation 

process, chitin is converted into chitosan, where some or all of the acetyl groups (-NHCOCH₃) 

in the N-acetyl-D-glucosamine units are removed, yielding D-glucosamine units[80]. This 

structural modification enhances the solubility and adsorption capabilities of chitosan, making 

it particularly effective for removing pollutants from aqueous solutions. 

 

Although the artificial synthesis of PLys adds to its cost, it offers several advantages over 

chitosan, making it superior in many applications. PLys is a homopolymer containing multiple 

amine groups in its side chains, providing a higher density of positively charged sites than 

chitosan[81]. These sites allow PLys to chelate effectively with anionic heavy metal ions or 

electrostatically attract cationic dye molecules. Besides, PLys exhibits superior solubility in 

water across a broader pH range, while chitosan is poorly soluble in neutral and basic 

conditions[2, 80]. This enhanced solubility makes PLys-based adsorbents more versatile and 

effective in a variety of aqueous environments, broadening their applicability in pollutant 

removal processes.  
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PLys with a molecular weight exceeding 30,000 kDa was utilized to adsorb chromium ions, 

achieving a maximum adsorption capacity of approximately 42.2 mg/g (Cr/PLys) at a solution 

pH of 4.6[82]. The metal uptake performance of PLys was further assessed using a Polymer 

Enhanced Diafiltration (PEDF) system based on membrane separation technique, in which 

metal ion was captured by polymer, forming polymer-metal complex. This complex was 

effectively retained via a tangential flow filtration membrane and further concentrated by 

continuous diafiltration. In the large-scale adsorption experiment, 0.6 mg of PLys dissolved in 

0.2 L of water was introduced into 2 L of a chromium solution with an initial concentration of 

30 mg/L. At the end of the process, the chromium concentration in the permeate was reduced 

to 7.8 mg/L. However, the chromium ion concentration was not fully accounted for in the 

system analysis, and the recovery of PLys from the adsorption system posed a significant 

challenge. 

 

A novel magnetic bioadsorbent was synthesised by chemically grafting 3-

glycidoxypropyltrimethoxysilane (GPTMS) and PLys onto Fe₃O₄ nanoparticles (Figure 1-

12)[83]. The adsorption capacities of this bioadsorbent were assessed using four typical 

sulfonated organic dyes: methyl blue, orange I, amaranth, and acid red 18. After a 40-minute 

adsorption process, the uptake capacities for these dyes reached up to 318, 128, 90, and 245 

mg/g, respectively. The adsorption mechanism is primarily attributed to electrostatic 

interactions between the amino groups of PLys and the dye molecules. Notably, even after three 

adsorption-desorption cycles, the bioadsorbent maintained 80–90% of its initial dye adsorption 

capacity. 
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This study offers a comprehensive and systematic exploration of organic dye adsorption using 

the synthesized bioadsorbent. The magnetic properties of the Fe₃O₄ core facilitate easy 

recovery of the adsorbent from aqueous solutions. However, it is important to acknowledge 

that the experiments were conducted at pH 2, which is considerably more acidic than typical 

industrial wastewater and may restrict the adsorption capacity of the material in practical 

applications. 

 

Figure 1-13 Structure of Fe3O4-GPTMS-PLys nanoparticle and its mechanism on capturing 

dyes[83]. 

 

A new composite adsorbent was developed through a three-step synthesis process[84]: (1) 

grafting multi-walled carbon nanotubes (MWCNTs) onto graphene oxide (GO), (2) 

incorporating magnetic Fe₃O₄ particles into the GO-MWCNTs framework, and (3) modifying 

the resulting material with PLys to form the final PLys-Fe₃O₄-(GO-MWCNTs) hybrid 

nanocomposite. This environmentally friendly hybrid composite exhibited excellent adsorption 

performance for the removal of a dye (tartrazine) and a heavy metal (Pb2+), separately. The 

adsorption of Pb2+ reached equilibrium within 30 minutes, while tartrazine adsorption achieved 

equilibrium in approximately 60 minutes. Under optimal conditions, the equilibrium adsorption 

capacities were 1038.42 mg/g for Pb(II) and 775.19 mg/g for tartrazine. Both adsorption 
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processes followed the Langmuir adsorption model, indicating monolayer adsorption on 

homogeneous surfaces. Additionally, the adsorption kinetics were best described by the 

pseudo-second-order kinetic model, reflecting chemisorption as the rate-limiting step. The 

adsorbent maintained a high adsorption capacity, retaining 80% of its initial adsorption 

performance even after five adsorption-desorption cycles, highlighting its reusability and 

durability. 

 

The mechanism for how this nano-sized hybrid capture pollutants from wastewater are 

illustrated in Figure 1-14[84]. At low pH, the adsorption of Pb2+ is primarily attributed to 

chelation interactions between the amino and hydroxyl groups on the hybrid surface and Pb2+, 

as well as ion exchange between H⁺ and Pb2+. While the effective adsorption of tartrazine dye 

can be explained by two key mechanisms. On one hand, electrostatic interactions are enhanced 

due to the positively charged surface of the hybrid composite at low pH; on the other hand, the 

presence of various functional groups, such as OH, NH₂, COOH, and C=C, facilitates the 

formation of covalent bonds, hydrogen bonds, and van der Waals forces with tartrazine, further 

contributing to its high adsorption efficiency. 
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Figure 1-14 Mechanism of Pb2+ and tartrazine adsorption onto PLys-Fe3O4-(GO-MWCNTs) 

composite[84]. 

 

In a high-pH alkaline environment, the amino groups on the hybrid surface undergo 

deprotonation, releasing H⁺ into the solution and resulting in a negatively charged adsorbent 

surface. This change facilitates a new electrostatic attraction between the negatively charged 

hybrid surface and Pb2+, enhancing Pb2+ adsorption. However, for dyes such as tartrazine, 

appearance of negatively charged surface causes electrostatic repulsion with the anionic 

tartrazine molecules, thereby reducing the adsorption efficiency for the dye. 

 

This composite adsorbent is both highly effective and easily recyclable. The incorporation of 

carbon nanotubes and graphene enhances the nanoscale pore structure and introduces a variety 

of functional groups, significantly improving its adsorption efficiency for targeted pollutants. 
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However, the complex preparation process and the high cost of raw materials may limit its 

large-scale application. 

 

As demonstrated in the three articles above, the development of PLys as a bioadsorbent 

represents a gradual, step-by-step process of material enhancement. Starting from the basic use 

of standalone PLys, advancements have led to the creation of multifunctional PLys-based 

materials designed to achieve more diverse functionalities, such as improved adsorption 

capacity and enhanced recovery or recyclability. Throughout evolution of PLy-based 

bioadsorbents, PLys consistently serves as the core component of the material. However, due 

to the considerable costs associated with PLys synthesis, it is sometimes incorporated as an 

auxiliary constituent in adsorptive systems. This emphasises the importance of thoroughly 

understanding and investigating the adsorption mechanisms of pure PLys for pollutants. Such 

foundational knowledge is crucial for optimizing the performance of PLys and seamlessly 

integrating it into advanced adsorptive systems, enabling the design of more efficient and cost-

effective materials for pollutant removal. 

 

1.5 Hydrogel and PLys-based hydrogels 

 

The concept of hydrogels was first introduced by Wichterle and Lím in 1960[85]. Hydrogels 

are three-dimensional (3D) networks of hydrophilic polymers capable of swelling in water and 

retaining significant amounts of water, while maintaining structural integrity through chemical 

or physical cross-linking of polymer chains. To be classified as a hydrogel, the material must 
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contain more than 10% water (by weight or volume), which is essential for its flexibility and 

functionality. Hydrophilic groups such as amine, carboxyl, hydroxyl, amide, and sulfonic acid 

groups contribute to the water-absorbing properties of hydrogels. 

 

Hydrogels can be categorised as either physical or chemical, based on their cross-linking 

mechanisms[86]. Physical hydrogels form through non-covalent interactions and can transition 

from liquid to gel states in response to environmental changes such as temperature, ionic 

concentration, pH. Chemical hydrogels, rely on covalent bonding to create a stable network 

structure. This covalent cross-linking enhances their mechanical strength and resistance to 

degradation, making them more durable compared to physically cross-linked hydrogels. 

 

The distinction between the two types of hydrogels is effectively illustrated in Figure 1-15, 

which highlights the various types of cross-linking mechanisms[87]. Hydrogel formation via 

chemical cross-linking and ionic interactions is a common approach for alginate-based 

hydrogels[88]: (1) Alginate contains carboxylate groups on its guluronic acid residues. When 

calcium ions are introduced, they bind to these carboxylate groups, creating "egg-box" junction 

zones that serve as crosslinking points. (2) Polyacrylamide gels rely on covalent cross-linking 

between polymer chains, which is achieved using N,N-methylenebisacrylamide (MBAA) as a 

crosslinking agent. (3) In the alginate-polyacrylamide hybrid gel, the two polymer networks—

alginate and polyacrylamide—are integrated covalently cross-linked with MBAA. 
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Figure 1-15 Hydrogel formation via chemical cross-linking and ionic interactions[87]. 

 

PLys-based hydrogels are hydrogels derived from PLys, inheriting the properties of PLys, such 

as its biodegradability, and pH- responsive cationic charge due to the protonated amino groups 

in its side chains. Hence, applications of PLys-based hydrogels are mainly focused on the 

biomedical fields such as biomaterials in wound healing, delivery systems and tissue 

engineering[89, 90]. 

 

PLys has been reported as a cross-linking agent for hyaluronic acid (HA) hydrogels, facilitated 

by EDC, to enhance cell affinity[91]. This fabricated hydrogel platform was further 

functionalised by immobilising nogo-66 receptor antibody (antiNgR), a molecule known to 
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promote spinal cord regeneration. In a study involving rats subjected to lateral hemisection of 

the spinal cord, the HA-PLys/antiNgR hydrogel demonstrated significant therapeutic potential. 

After eight weeks post-implantation, anti-neurofilament-positive axons were observed 

extending into the hybrid hydrogel. Furthermore, an increased presence of cells and normal 

myelinated axons was noted within the implanted scaffold. 

 

PLys was employed in the physical cross-linking of a polypyrrole-alginate copolymer to form 

alginate-polypyrrole/poly-L-lysine hydrogels, with Ca²⁺ acting as the cross-linking agent[92]. 

This hydrogel integrates the antioxidant properties of polypyrrole (PPy) with the neural 

differentiation-enhancing ability of PLys. The hydrogel's performance characteristics, such as 

morphology, porosity, swelling ratio, oxidation resistance, rheological behaviour, and 

conductivity, could be tailored by adjusting the molar ratios of the three primary components. 

These hydrogels exhibit excellent cell compatibility for P19 cells, alongside electrical 

conductivity and antioxidant activity, making them particularly suitable for nerve tissue 

applications. Moreover, P19 cells cultured within these hydrogel scaffolds successfully 

differentiated into neurons. 

 

PLys was chemically bonded with chitosan through a coupling reaction and then physically 

crosslinked with regenerated silk fibroin (RSF) using Ca²⁺ to create a bioadhesive material for 

wound healing[93]. This material demonstrated excellent adhesion strength, which was high 

up to 70 kPa on separated pig skin. Besides, it did not trigger immune system irritation, 

demonstrating good biocompatibility. The significant antibacterial effects of this material were 
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observed against Staphylococcus aureus and Escherichia coli, reaching a 100% antibacterial 

rate after 120 minutes of treatment.  

 

The development of PLys-based hydrogel materials has progressed towards the creation of 

composite and multifunctional hydrogels. However, PLys with high concentrations and high 

molecular weights can exhibit physiological toxicity, which is why it is often used as a 

component in hydrogels rather than independently or is replaced by ε-polylysine in some 

applications. The toxicity of PLys can be mitigated by strategies such as reducing its molecular 

weight, lowering its concentration, or chemically modifying its structure to improve 

biocompatibility. This toxicity is largely attributed to the high cationic charge densities and the 

flexibility of the polymer, which can cause higher cytotoxic effects compared to materials with 

lower cationic charge densities[15]. Studies have shown that as the molecular weight of PLys 

decreases, its toxicity is significantly reduced[15]. 

 

Despite these challenges, with substantial room for improvement and further research, PLys 

has the potential to deliver enhanced performance, reduced side-effects, and broader 

applications in advanced tissue engineering and wound healing systems. 

 

Reports on PLys-based hydrogels as bioadsorbents or drug delivery materials remain limited. 

However, the preparation of PLys in hydrogel form significantly enhances its specific surface 

area and pore structure, making it more effective for the adsorption of target pollutants. 

Additionally, the hydrogel format addresses the issue caused by PLys's strong water solubility 
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which previously complicated recovery after adsorption. 

 

When used as a drug carrier, PLys-based hydrogels effectively respond when the pH of their 

external environment changes, enabling controlled drug release behaviour. PLys-based 

hydrogels with pH-sensitive swelling behaviour can be fabricated by mixing a PLys solution 

with the crosslinker genipin[94]. The chemical crosslinking by genipin significantly reduces 

the cytotoxicity of PLys, while the resulting hydrogel promotes cell adhesion and proliferation. 

The anticancer drug Dox was employed as a model water-soluble drug to investigate the 

loading and release capabilities of these hydrogels. Experimental results indicated a mild burst 

release of Dox, with the drug release properties being effectively adjustable through the degree 

of crosslinking. 

 

In the third and fourth chapters of this thesis, the common theories of adsorption and drug 

release will be integrated to address the gap in research on pure PLys-based hydrogels as 

materials for organic dye adsorption and as drug carriers. This exploration aims to provide a 

comprehensive understanding of their potential applications in these fields.  

 

1.6 Adsorption theory 

 

Adsorption kinetics models mathematically describe the rate of adsorption between a solute 

and an adsorbent, along with the controlling steps involved. They are often used to determine 

the relationship between the target adsorbed substance and adsorption time/amount. By fitting 
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experimental data to these mathematical models, it can be determined whether the adsorption 

process is governed by physical diffusion or chemical interactions. This analysis is instrumental 

in revealing the fundamental mechanisms underlying adsorption. There are a few kinetic 

adsorption models for the explanation of adsorption processes. These models may play an 

important role in revealing adsorption mechanisms of organic dyes (chapter. 4). 

 

1.6.1 Pseudo-first-order kinetics 

 

At the end of the 19th century, Lagergren introduced the pseudo-first-order kinetics model to 

describe adsorption processes[95]. This model is based on the hypothesis: proportionality to 

unadsorbed adsorbate concentration. Specifically, the adsorption rate is proportional to the 

concentration of the target adsorbate that has not yet been adsorbed. This model is led by a 

physical mechanism and can be expressed as equation (1-1): 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) 

                                                                       (1-1) 

where qe (mg/g) is the amount of adsorption at the adsorption equilibrium, and qt is the amount 

of adsorption at time t. k1 (min−1) represents the kinetic adsorption rate constant in the pseudo-

first-order model.  

 

1.6.2 Pseudo-second-order kinetics 

 

Although pseudo-second-order kinetics were first proposed in the late 20th century[96], the 
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model gained significant popularity after Ho and MacKay applied it to analyse numerous 

experimental results[97]. This model is based on two key hypotheses: 1) The adsorption sites 

on the surface of the adsorbent are uniformly distributed, and each site can bind only one 

molecule of the adsorbate. 2) the adsorption sites on the surface of the adsorbent are uniformly 

distributed, and each site can bind only one molecule of the adsorbate. This model is dominated 

by a chemical mechanism, and represented by Equation. (1-2)[98]: 

𝑞𝑡 =
𝑞𝑒

2𝑘2𝑡

1 + 𝑞𝑒𝑘2𝑡
 

                                                                       (1-2) 

where the qe and qt are defined as in Equation. (1-1). k2 (g/(mg·min)) is the kinetic adsorption 

rate constant of the pseudo-second-order model.  

 

1.6.3 Elovich kinetic model 

 

An equation based on chemical adsorption was suggested by Zeldowitsch in 1930s[99]. In this 

model, the energy distribution of surface adsorption sites is considered to be not uniform, and 

the more activation energy is required for further adsorption increases with time. It is 

particularly suitable for chemisorption on heterogeneous surfaces. The equation, assuming abt 

≫ 1, can be expressed as follows (equation 1-3)[100]: 

𝑞𝑡 =
ln(𝑎𝑏) + 𝑙𝑛𝑡

𝑏
 

                                                                       (1-3) 

where qt (mg/g) means the amount of adsorption at time t. a is initial adsorption constant and 

b is a constant associated with the surface coverage of the adsorption sites. A larger a 
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corresponds to a faster initial adsorption process. A larger b reflects greater sensitivity of the 

adsorption rate to the coverage of adsorption sites, meaning the rate decreases more sharply as 

the sites become occupied. 

 

1.6.4 Avrami kinetic model 

 

Based on pseudo-first-order kinetics, a generalised Kolmogorov-Erofeev-Kazeeva-Avrami-

Mampel (KEKAM) equation was developed to describe reactions occurring on the surface 

active sites of solid supports[101]. Its equation shows as follows (equation 1-4): 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−(𝑘𝑡𝑛)) 

                                                                      (1-4) 

where qe and qt have the same meanings as in the pseudo-first-order kinetics model, 

representing the amount of adsorption at equilibrium and at time t, respectively. The parameter 

k is the Avrami kinetic constant, and n is an index associated with the adsorption mechanism, 

describing the complexity of the adsorption process. The introduction of n enhances the 

flexibility of the model by accounting for variations in adsorption behaviour. If n>1, the 

adsorption process is primarily limited by surface reactions, with adsorbate diffusion occurring 

rapidly; if n <1, it suggests homogenous distribution of adsorbate on adsorbents with the 

adsorption rate being more controlled by diffusion; if n =1, the model can be simplified to the 

pseudo-first-order kinetics model, where the adsorption rate is directly influenced by the 

concentration of the adsorbate[102]. 
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1.7. Adsorption Isotherm 

 

Adsorption isotherm is an important tool to study the interaction between adsorbate and 

adsorbent during adsorption. It describes the relationship between the equilibrium 

concentration of solute and the amount of solute adsorbed by per unit of adsorbents under 

constant temperature conditions. These isotherms not only reflect the mechanism of adsorption 

process, but also play an important role in adsorption system design, performance optimisation 

and material selection. 

 

Adsorption isotherms are essential tools for understanding the interactions between adsorbates 

and adsorbents during the adsorption process. They depict the relationship between the 

equilibrium concentration of a solute in the liquid phase and the amount of solute adsorbed per 

unit mass of the adsorbent at a constant temperature. By providing this relationship, adsorption 

isotherms offer valuable insights into the adsorption mechanism. 

 

These isotherms are not only fundamental for theoretical studies but also have significant 

practical implications. They play a crucial role in the design and optimisation of adsorption 

systems and select appropriate materials for specific applications. Through analysis of 

adsorption isotherms, the adsorption capacity of materials can be determined, and the 

adsorption performance of an adsorbent can be predicted under various conditions, thereby 

allowing adsorption processes to be tailored for maximum efficiency. 
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1.7.1 Langmuir isotherm 

 

The Langmuir isotherm is one of the classic adsorption models, first proposed by Irving 

Langmuir in 1916[103]. It describes the equilibrium behaviour of adsorbates forming a 

monolayer on the surface of an adsorbent. This model is widely applied to analyse adsorption 

processes occurring on homogeneous surfaces. In the Langmuir model, it is assumed that each 

adsorption site on the adsorbent surface behaves independently and is not influenced by the 

occupation of neighbouring sites. Its equation can be expressed as equation 1-5[104]: 

1

𝑞𝑒
=

1

𝑞𝑚𝑏𝐶𝑒
+

1

𝑞𝑚
 

                                                                      (1-5) 

where Ce (mg/L) represents the amount of adsorbed substances in the solution at adsorption 

equilibrium, qe (mg/g) represents the equilibrium capacity of the adsorbent, qm (mg/g) is the 

maximum adsorption capacity of the adsorbent, and b (L/mg) is the Langmuir isotherm 

constant, suggesting the affinity between the adsorbent and the adsorbate. Higher this constant, 

stronger binding ability of adsorbent to adsorbate. 

 

1.7.2 Freundlich isotherm 

 

Different from Langmuir isotherm, Freundlich isotherm was an empirical model suggested by 

Freundlich in the early 20th century[105]. Besides, the inhomogeneity of the adsorbent surface 

and the possibility of multilayer adsorption were considered in the overall adsorption process 

in this model. However, this model did not provide an upper limit of adsorption capacity. Its 
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equation (equation 1-6) showed as follows[106]: 

𝑞𝑒 = 𝑘𝑓𝐶𝑒
1/𝑛

 

                                                                       (1-6) 

where qe and Ce are equal to equation 1-5, kf (mg1-n∙g-1∙L-n) is the constant depicting adsorption 

capacity and n is the constant describing the adsorption intensity. The value of n generally 

ranges from 2 to 3, and n > 1 is favourable to adsorption, meaning increase of the concentration 

of adsorbate is good for promotion of adsorption capacity, n = 1 is linear adsorption, indicating 

adsorption capacity is proportional to the concentration of adsorbate, n < 1 is detrimental to 

adsorption, in other words, the adsorption efficiency decreases at high concentration, which 

may occur due to the saturation of adsorption sites[107]. 

 

1.7.3 Dubinin-Radushkevich isotherm  

 

Dubinin-Radushkevich isotherm model was developed to describe adsorption processes based 

on the mechanism of adsorption with Gaussian energy distribution across heterogeneous 

surfaces[108]. The core concept of this model is to relate the adsorption process to the energy 

distribution on the surface and the pore-filling behaviour of the adsorbent[109]. There was an 

assumption in this model: adsorbate molecules are drawn into the pores through an energy 

gradient. This model is particularly suitable for describing the adsorption of vapours and gases 

on microporous adsorbents. Non-linear form of this semiempirical model was showed as 

follows (equation 1-7)[109]: 

𝑞𝑒 = 𝑞𝑚𝑒−𝑘𝜀2
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                                                                      (1-7) 

where qe and qm have the same meaning as in equation 1-5. k (mol2/KJ2) is constant, related to 

adsorption energy. ε represents Polanyi potential, which quantifies the energy requirement for 

adsorption. For adsorption in the vapor phase, it is calculated using the equation ε=RT ln (Ps/P), 

where Ps is the saturation vapor pressure (atm), P is the adsorbate equilibrium pressure (atm), 

R is gas constant (8.314 J/mol·K) and T is absolute temperature (K)[110]. For adsorption in 

aqueous phase, ε is modified as: ε=RTln(1+1/Ce), where Ce stands for adsorbate equilibrium 

concentration(mg/L)[111].  

 

Some factors, such as pH of solvent on surface charge of adsorbents and functional groups of 

solutes, were not accounted for when this model is used to describe solute adsorption behaviour 

from solution. As a result, it can hardly distinguish that the adsorption belongs to physical or 

chemical process[112]. 

 

1.7.4 Hill isotherm 

 

The Hill isotherm model is well-suited for describing adsorption processes where cooperative 

binding occurs on a homogeneous adsorbent surface. In this model, adsorption is treated as a 

cooperative behaviour, meaning that the binding of solute molecules to active sites on the 

adsorbent surface influences the binding ability of other active sites. The equation of this model 

was evolved from non-ideal competitive adsorption isotherm and listed as follows (equation 1-

8)[113]: 
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𝑞𝑒

𝑞𝑚
=

𝑘𝐶𝑒
𝑛

1 + 𝑘𝐶𝑒
𝑛 

                                                                       (1-8) 

where qe and qm have the same meaning as described in Equation 1-5, k means the Hill constant 

representing the affinity of the adsorbate for the adsorbent, Ce is equilibrium concentration of 

solute in the solution, and n shows Hill coefficient, indicating the nature of cooperative binding. 

If n > 1, adsorption of one adsorbate molecule enhances adsorption of others, demonstrating 

positive cooperativity; if n = 1, adsorption is non-cooperative, similar to Langmuir model; if n 

< 1, negative cooperative behaviour can be observed[109].  

 

1.8 Mathematical models for the drug release 

 

Mathematical models for drug release serve as essential tools for studying the drug release 

process[114]. They describe the kinetic behaviour of drug molecules as they are released from 

carriers, such as nanoparticles or hydrogels, to their target location or surrounding environment. 

These models not only enhance understanding of the underlying mechanisms of drug release 

but also provide a theoretical foundation for drug design and the optimisation of drug release 

systems[115]. Several common models for drug release will be discussed, which may 

theoretically support the DIC release from PLys-based hydrogels (chapter. 5).   

 

1.8.1 Zero-order kinetics 
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Zero order kinetics describes a drug release mechanism with a constant rate of release, 

independent of time. Zero order kinetic release is generally considered an ideal release mode, 

and its equation (equation. 1-9) can be expressed as follows: 

𝑞𝑡 = 𝑘𝑡 

                                                                       (1-9) 

where qt means the amount of released drug at time t and k is constant of drug release rate. 

 

Zero-order kinetic drug release can be achieved in drug suspensions encapsulated within a 

transdermal system[116]. The active ingredient remains in a saturated state and creates a 

constant concentration gradient across the reservoir membrane, thus driving a stable diffusion 

process through the membrane. A steady release rate maintains until the diffusion rate 

eventually decreases to zero. 

 

1.8.2 First-order kinetics 

 

The first-order kinetics model describes a drug release mechanism in which the release rate is 

directly proportional to the amount of unreleased drug[117]. In this model, the release rate 

gradually decreases over time. Release behaviour of buffered aspirin tablets fit well with this 

model[118]. The integrated form of the equation (Equation 1-10) is expressed as: 

𝑞𝑡 = 𝑞𝑚(1 − 𝑒−𝑘𝑡) 

                                                                      (1-10) 

where qt and qm stands for the amount of released drug at time t and the maximum amount of 
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released drug, respectively. k is first-order kinetic constant.  

 

1.8.3 Higuchi model  

 

The Higuchi model describes the release rate of drugs from matrix systems where drugs are 

evenly dispersed or anchored within insoluble or swelling polymeric networks [119]. The use 

of the Higuchi model relies on the following assumptions: 1) Initial drug concentration 

contained in the matrix far exceeds the solubility of the drug. 2) Drug release occurs from 

inner part of the vehicle to the external aqueous environment through diffusion. 3) The 

diffusion coefficient for the drug is constant throughout whole release process. 4) The volume 

of the drug carrier remains unchanged. Under these conditions, the equation can be simplified 

as follows (equation 1-11)[115, 120]: 

𝑞𝑡 = 𝑘𝐻𝑡1/2 

                                                                      (1-11) 

where the meaning of qt is the same as that in equation 1-10 and kH (mg/h1/2) is the Higuchi 

release constant, reflecting diffusion rate. 

 

1.8.4 Ritger–Peppas and Korsmeyer–Peppas model (Power law) 

 

The Power Law model is widely employed to describe drug release processes, particularly in 

cases where the release mechanism is complex or not fully understood. It is especially 

suitable for drug delivery systems that feature intricate structures, such as hydrogels, 
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microspheres, and nanoparticles. In this model, an exponential relationship between drug 

release and time is expressed as (equation 1-12): 

𝑞𝑡

𝑞𝑚
= 𝑘𝑡𝑛 

(1-12) 

where qt and qm have the same meaning as described in equation 1-10. k is the model 

constant, and n is the release index, which is used to characterise the drug release mechanism. 

 

For drug carriers in the form of thin films, the n-value in the Power Law model indicates the 

governing drug release mechanism[121]: When n ≤ 0.5, the model is referred to as the 

Fickian model. In this case, the relaxation rate of polymer chains is significantly slower than 

the transport rate of the solvent, indicating that drug release is primarily diffusion-controlled. 

When 0.5 < n < 1, the drug release follows a non-Fickian model. The diffusion of the solvent 

and the swelling or shrinking of the polymer occur at comparable rates, meaning that both 

mechanisms cooperatively control the drug release process. When n =1, the model is still 

non-Fickian but is referred to as Case I. This represents an extreme release behaviour and can 

also be considered a zero-order kinetic model. The mechanism driving drug release is 

dominated by the swelling or relaxation of polymeric chains. In the jellified region, superfast 

diffusion dominates, surpassing the relaxation at the gel-vitreous polymeric interface. But in 

the vitreous region, solvent penetration is minimal or absent, resulting in a nearly zero drug 

concentration. When n >1, it is referred to as Super Case II. During the sorption process, the 

diffusion of solvents occurs at an exceptionally fast rate, accelerating the movement of 

solvents into the vitreous region of the carrier. However, the expansion of the vitreous region 
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is constrained by the surrounding jellified region, resulting in compression tension within the 

polymer. This tension leads to stress and ultimately causes the polymer to undergo breaking. 

 

Besides, the division of regions with distinct release mechanisms, as mentioned above, is 

influenced by the values of n, which vary depending on the shape of the drug carriers. These 

variations are illustrated in Figure 1-16[121]. As the shape of the matrices approaches a 

spherical form, the critical n-value for distinguishing different release mechanisms decreases. 

 

Table 1-3 Interpretation of power low models from polymeric matrices with different 

geometries[121]. 
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Chapter 2  Characterisation and chemical inventory 

 

2.1 Nuclear magnetic resonance (NMR) spectroscopy 

 

1H NMR spectra were tested by a Bruker AV3HD 400MHz NMR spectrometer equipped 

with a 5 mm BBO Probe. Chemical shifts (ppm) were calibrated using trimethylsilane 

(TMS), the chemical shift of which is 0 ppm. XR-55 NMR tubes (Norell) were used. NMR 

spectra were analysed using MestreNova x64. Abbreviations used in 1H NMR analysis are: 

singlet (s), doublet (d), triplet (t), multiplet (m), doublet of doublets (dd). CDCl3 and DMSO-

d6 were used as deuterated solvents. 

 

2.2 Fourier-transform infrared (FTIR) spectroscopy 

 

All samples were stored under vacuum oven at 55 °C for at least 1 day prior to FTIR analysis. 

All spectra were recorded via Perkin Elmer Spectrum One equipped with Bruker OPUS 7.0 

software and a Specac Golden Gate Attenuated Total Reflection (ATR) diamond top plate. 

100 scans were collected in the range of 4000-400 cm-1 at a resolution of 4 cm-1. 

 

2.3 Advanced polymer chromatography (APC) 

 

Average polymer molecular weight was determined by APC, a form of size exclusion 

chromatography. Specifically, an ACQUITY APC system, equipped with an ACQUITY 

refractive index (ACQ-RI) detector was used. The column temperature was maintained at 

40 ℃ and the flow rate at 0.5 mL/minute. System calibration was carried out using PEG 

standards and data processed using Empower 3 software. DMF containing 1 g/L LiBr was 

used as the mobile phase on an ACQUITY APC AQ column packed with bridged ethylene 
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hybrid (BEH) particles (200Å, 2.5 µm). 

 

2.4 Thermal gravimetric analysis (TGA) 

 

The polymers and polymer-Pb2+ complexes were analysed by TGA (TA Instruments TGA 

Q50 model) to determine the adsorbed Pb2+ content. The apparatus was continually flushed 

with nitrogen and temperature increased from RT to 700 °C at a rate of 10 °C/min. 

 

2.5 Zeta (ζ) potential measurements 

 

20 mg samples were totally dissolved in the 10 mL NaCl solution (concentration:10 mM) 

firstly. Then the pHs of the solutions were adjusted to the desired values with 0.05 M HCl or 

0.05 M NaOH. ζ potential measurement was conducted using a Malvern Zetasizer Nano ZSP 

instrument (Malvern Panalytical Ltd, Malvern, UK). Every data point was collected from 5 

measurements by the software. 

 

2.6 Centrifugation, sample-drying and lyophilisation 

 

Samples within appropriate centrifuge tubes were placed in a HERMLE Z 326K centrifuge 

and centrifuged at 0 °C and 4500 rpm for 5–15 minutes. After centrifugation, the samples 

were dried overnight in a Fistreem vacuum oven. Samples requiring lyophilisation were 

frozen using liquid nitrogen and then freeze-dried for a minimum of 2 days using a Thermo 

Scientific Heto PowerDry LLI500 freeze-dryer. 
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2.7 Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry 

 

MALDI mass spectrometry was conducted using an Axima Performance instrument 

(Shimadzu Biotech Inc, Japan). The matrix, 2,5-dihydroxybenzoic acid (DHB), was prepared 

by dissolving it in methanol. For sample preparation, 30 mg of PLys was dissolved in 300 µL 

of methanol. A mixture of DHB solution, sample solution, and DHB solution (1:1:1 by 

volume) was spotted sequentially onto a target sample plate and air-dried to form a matrix-

polymer-matrix sandwich structure. Desorption and ionization of the samples were achieved 

using a 337 nm nitrogen laser. The accelerating voltage was set to 15.0 kV in linear mode, 

with 200 profiles collected and 5 laser shots per profile. 

 

2.8 Liquid chromatography – mass spectrometry (LC-MS) 

 

LC-MS analysis was conducted using a Thermo Scientific Ultimate 3000 HPLC system 

(Thermo Fisher Scientific, Waltham, MA, USA) coupled with a mass spectrometer equipped 

with an electrospray ionization (ESI) source operated in positive mode (Bruker amaZon 

Speed, Bruker Daltonik GmbH, Billerica, MA, USA). Chromatographic separations were 

performed on a Kinetex C18 column (2.1 × 50 mm, 2.6 μm particle size; Phenomenex, 

Torrance, CA, USA) at a column temperature of 40 °C. The mobile phases consisted of (A) 

0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile. A gradient elution was 

applied, starting with 98% A and 2% B over 1.2 minutes and ending with 2% A and 98% B, at 

a flow rate of 1.3 mL/min. The concentration of Lys(cbz)DKP in acetonitrile solutions for the 

LC-MS analysis was 1 mg/mL. 

 

2.9 Preparation of phosphate buffered saline (PBS) 

 

A PBS tablet was dissolved in 200 mL of deionised water under vigorous stirring to prepare a 
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PBS buffer solution with a pH of 7.4. 

 

2.10 Rheology test of PLys-based hydrogels 

 

The rheological properties of PLys-based hydrogels were assessed using an Anton Paar MCR 

502 stress-controlled rheometer (Anton Paar GmbH, Austria). Hydrogel samples were first 

cut into discs with an 8 mm diameter, and the measurements were performed using a titanium 

parallel-plate setup. A strain sweep was initially conducted at an angular frequency of 6.28 

rad/s for each hydrogel to establish suitable parameters for subsequent frequency sweep tests 

within the viscoelastic range. Frequency sweeps from 0.1 to 100 Hz were performed at room 

temperature with a strain of 0.5% to measure the storage modulus (G’) and loss modulus 

(G’’) of the hydrogels. The reported values represent the average of three independent 

rheological measurements for each hydrogel. 

 

2.11 Scanning electron microscopy (SEM) 

 

SEM analyses were conducted to observe internal structure of hydrogels. Small fragments of 

the freeze-dried hydrogels were affixed to SEM stubs using conductive tape. The 

morphological characteristics of the hydrogels were examined with a JEOL JSM-6610LV 

Scanning Electron Microscope, operated at adjustable accelerating voltages between 5 kV 

and 15 kV, with an average working distance of 11 mm. 

 

2.12 Ultra violet – visible (UV-Vis) spectrophotometry 

 

For the measurements of concentration of Reactive Black 5 (RB5) and Diclofenac (DIC), 

absorbances at 598 nm and at 276 nm were recorded separately using a dual-beam Varian 
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Cary 50 UV0902M112 UV-Vis spectrophotometer (Agilent Technologies), equipped with a 

xenon pulse lamp and Varian Cary WinUV 3.0 software. The liquid samples containing RB5 

were loaded into 10 mL poly(methyl methacrylate) (PMMA) cuvettes, while the liquid 

samples with DIC were loaded into 10 mL quartz cuvettes. Each absorbance measurement 

was taken at least three times for accuracy. 

 

The standard curve for RB5 was generated by linearly fitting the absorbance to RB5 solutions 

of varying concentrations (5 ppm, 10 ppm, 15 ppm, 20 ppm, 25 ppm and 30 ppm). The 

resulting equation was y=0.0268x (R2=0.993), where y represents the UV absorbance of the 

DIC solutions, and x is the concentration of the DIC solution (ppm). 

 

The calibration curve for DIC was generated by linearly fitting the absorbance to DIC 

solutions of varying concentrations (1 ppm, 5 ppm, 10 ppm, 15 ppm, and 20 ppm). The 

resulting equation was y=0.0345x+0.0369 (R2=1), where y represents the UV absorbance of 

the DIC solutions, and x is the concentration of the DIC solution (ppm). 

 

2.13 Materials inventory 

 

The chemicals used in the research featured in this chapter three to five are listed in Table 2-

1. 
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Table 2-1 Inventory of chemicals used. 

Chemical 

 

Supplier 

Fmoc-Lys-OH  Flurochem 

H-Lys(cbz)-OH Flurochem 

Dimethyl sulfoxide (DMSO) Fisher Chemical 

Triphosgene 98% Sigma-Aldrich 

(-)-α-Pinene Sigma-Aldrich 

Poly(ethylene glycol) (PEG) amine (Mn=5000 g/mol) Sigma-Aldrich 

Acetone Sigma-Aldrich 

DMSO-d6 (99.8 atom % D) Eurisotop 

CDCl3 Sigma-Aldrich 

Hexane 97% Sigma-Aldrich 

Methanesulfonic acid 98% Alfa Aesar 

Diethyl ether 99.5% Fisher Chemical 

TFA Sigma-Aldrich 

Methanol Fluorochem 

Hydrogen bromide, pure 33wt.% sol. in glacial acetic acid AcroSeal 

Acetonitrile Sigma-Aldrich 

Glycerol 

 

Fisher Scientific 

PBS tablets Sigma-Aldrich 

HCl (1 M) 

 

Fluorochem 

 



57 

 

Continued Table 2-1. Inventory of chemicals used 

Chemicals  Supplier 

RB5  ChemCruz 

DIC ChemCruz 

Lead (II) chloride Fisher Chemical 

Hexylamine 99% ACROS 

Diisopropylethylamine (DIPEA) Fluorochem 

Genipin 

 

BioServ 

Dimethylformadime (DMF) 99.5% Fisher Chemical 
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Chapter 3 Thermal Deprotection: A Sustainable and Efficient Strategy for 

Synthesising α-Polylysine Adsorbents 

 

3.1 Introduction 

 

Poly(amino acids) are a class of bio-renewable and biodegradable polymers that derive their 

versatile functionalities from amino acid repeat units[122-124]. With 20 proteogenic amino 

acids available, these polymers can host diverse functional groups, such as amino, thiol, and 

carboxyl[125]. This inherent chemical diversity enables applications in drug delivery[126-128], 

tissue engineering[129-131], and biosensing[132-134]. Additionally, poly(amino acids) that 

possess alkene and alkyne functionalities have been produced and allow straightforward and 

effective polymer modification via click chemistry, further broadening their potential 

uses[135]. These properties, combined with their environmental compatibility, position 

poly(amino acids) as promising alternatives to non-biodegradable, petroleum-derived 

polymers, provided that sustainable methods of polymer synthesis are employed. 

 

Among poly(amino acids), α-polylysine (PLys) has emerged as a particularly promising 

candidate due to its unique combination of water solubility, biodegradability, and rich primary 

amine functionality[2]. These attributes make PLys highly versatile, with applications ranging 

from antimicrobial coatings and protein release systems to heavy metal adsorption [136, 137]. 

PLys has also shown great promise in advanced biomedical applications. For instance, research 

by the Heise group demonstrated the creation of high molecular weight (MW = 765,000 Da) 

PLys star polymers, capable of encapsulating and delivering plasmid DNA for gene 

therapy[138]. Additionally, PLys-based materials have been effectively used to adsorb heavy 

metal ions such as CrO4
2- and Cu2+ from aqueous solutions, a property attributed to the strong 

chelation interactions between the primary amine groups of PLys and the target metal ions[139]. 

 

Heavy metal contamination, particularly lead (Pb2+), represents a pressing environmental 
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challenge. Lead, commonly found in industrial effluents such as those from lead-acid batteries, 

poses severe risks even at low concentrations[140, 141]. It has been linked to significant 

ecological damage and human health problems, including cognitive impairment, kidney 

damage, and increased cancer risks[142, 143]. Various methods for Pb2+ removal from 

wastewater have been developed, including chemical precipitation, ion exchange, flocculation, 

membrane filtration, electrochemical treatments, and bio-adsorption[144]. Among these, bio-

adsorption stands out for its simplicity, cost-effectiveness, and ability to operate efficiently 

across a wide pH range[145, 146]. Polymers such as PLys, with abundant pendant primary 

amine groups, are particularly well-suited for this application due to their strong metal-binding 

capabilities. 

 

Despite its potential for widespread application, the commercial viability of PLys is hindered 

by challenges associated with its synthesis. The conventional production method for PLys 

relies on NCA ROP, which proceeds in three main steps: (1) the synthesis of an NCA monomer 

from side-chain protected lysine, (2) polymerisation of the NCA monomer to yield side-chain 

protected PLys, and (3) deprotection of the side-chain groups to liberate the amino 

functionality[147]. While this method is more efficient than solid-phase synthesis and more 

controlled than polycondensation, it requires side-chain protection to prevent premature NCA 

ring-opening, and all methods require side-chain protection to prevent the formation of 

branched polymers.  

 

The final PLys deprotection step is particularly problematic as it conventionally involves 

highly toxic reagents [148]. For instance, benzyloxycarbonyl (z) protecting groups are 

commonly used for Lys NCA synthesis, but PLys(z) deprotection requires hazardous reagents 

such as hydrogen bromide in strongly acidic solutions for cleavage, leading to safety risks [36]. 

Alternative protecting groups such as Boc and Fmoc may also be used, but they still require 

strong acidic or basic agents for their removal[36]. Even efforts to use less toxic reagents, such 

as piperazine with 2% 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) for Fmoc deprotection, face 

economic and environmental barriers that limit scalability[149]. The Boc group may also be 
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prematurely cleaved during conventional NCA synthesis by the HCl produced, causing 

premature polymerisation in the monomer synthesis step[150].  

 

To address these limitations, we explored the use of thermal deprotection as a sustainable 

alternative. This approach eliminates the need for hazardous reagents, relying instead on heat 

to remove Fmoc groups from PLys in DMSO, which could be readily recovered by simple 

distillation. The method not only simplifies PLys synthesis but also aligns with the principles 

of green chemistry, reducing the environmental impact and improving the safety and scalability 

of the process. The use of piperidine is eliminated and DMF is replaced with DMSO which, 

whilst not a completely green solvent, has lower relative toxicity in comparison to DMF[150]. 

 

We report the synthesis and characterisation of both homopolymeric PLys and α-polylysine-b-

poly(ethylene glycol) (PEG-b-PLys) block copolymers produced using thermal deprotection. 

The efficacy of these polymers for adsorbing Pb2+ ions from aqueous solutions was assessed 

to determine their potential as efficient and sustainable materials for wastewater treatment. By 

addressing the dual challenges of hazardous deprotection in PLys synthesis and the need for 

effective heavy metal remediation, this work underscores the feasibility of thermally driven 

PLys production as a safer, greener, and more cost-effective pathway for developing high-

performance bio-based polymers. 

 

3.2 Experimental 

 

3.2.1 Preparation of Lys(Fmoc)-NCA 

 

As a general procedure, 16 mmol of Fmoc-Lys-OH was added into a three-necked round 

bottom (RB) flask connected a condenser, nitrogen supply, and a dropping funnel. The flask 

with this amino acid was maintained under vacuum for an hour to eliminate water from the 

system, and then 70 mL of anhydrous tetrahydrofuran (THF) and alpha-pinene (32 mL, 32 
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mmol) were added to the RB flask under a steady flow of nitrogen. 10 g (33mmol) 

triphosgene dissolved in 20 mL anhydrous THF was added to the reaction mixture dropwise 

through the dropping funnel until the heated mixture began to reflux. The reaction was 

complete when the mixture became clear and transparent solution, which demonstrates the 

generation of Lys(Fmoc)-NCA that is soluble in THF. The whole reaction last 6 h. If reaction 

mixture remained cloudy, the clear liquid was collected by filtration. The clear solution 

created was rotary evaporated to ~20 mL before precipitation into hexane yielded the NCA 

(hexane: THF ratio = 8:1, v/v). This was stored in a freezer overnight to facilitate further 

NCA precipitation. The crude product was collected by vacuum filtration and washed with 

cold THF to remove the unreacted reagents. The final product was obtained under vacuum at 

room temperature (RT) after at least twice recrystallisation processes. 1H NMR (400 MHz, 

DMSO-d6): δ 9.10 (s, 1H), 7.94-7.31 (m, 8H), 7.31-7.26 (m, 1H), 4.47-4.39 (m, 1H), 

4.334.26 (m, 2H), 4,25-4.18 (m, 1H), 3.03-2.94 (m, 2H), 1.78-1.59 (m, 2H), 1.49-1.10 (m, 

4H); FTIR: Vmax/cm-1 (solid): 3341 (N-H), 3066 (C-H from phenyl), 1842 (C=O), 1780 

(C=O), 1690 (C=O from acylamino), 757 and 735 (benzyl ring). Yield:63.8% 

 

3.2.2 Preparation of PLys(Fmoc) 

 

Lys(Fmoc)-NCA was added to an oven dried Schlenk tube that was purged with nitrogen for 

an hour. Anhydrous DMF was added and the solution underwent mixing prior to a solution of 

hexylamine dissolved in DMF being added by syringe. Anhydrous conditions were 

maintained during four days of polymerisation conducted at room temperature. Polymer 

recovery was achieved by adding the reaction solution dropwise to stirred, ice cold, diethyl 

ether, prompting polymer precipitation. The solid polymer was then isolated from the liquid 

by centrifugation. This process was repeated twice before the final polymer product was 

washed several times with diethyl ether and dried in the vacuum oven at 55 ℃ overnight. 1H 

NMR (400 MHz, DMSO-d6): 7.93-7.17 (m, 8H), 4.40-4.15 (m, 2H), 1.80-1.04 (m, 6H), 0.90-

0.74 (t, 3H). Yield: 70.1% 
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3.2.3 Preparation of PEG-b-PLys(Fmoc) 

 

Synthesis of the amphiphilic block copolymer PEG-b-PLys(Fmoc) was conducted in a 

comparable manner to the synthesis of PLys(Fmoc), but with the hexylamine initiator being 

replaced with a PEG5000 macroinitiator, where 5,000 denotes the polymer number average 

molecular weight. Lys(Fmoc)-NCA (300 mg, 0.79 mmol) was dissolved in DMF (3 mL) and 

added to an oven dried Schlenk tube. The macroinitiator, methoxyPEG-amine (65 mg, 0.013 

mmol) was dissolved in 3 mL DMF with the aid of sonication (5 minutes) and added to 

Schlenk tube. Polymerisation was undertaken under nitrogen at room temperature for four 

days. Polymer recovery was achieved by adding the reaction solution dropwise to stirred, ice 

cold, diethyl ether, prompting polymer precipitation. The solid polymer was then isolated 

from the liquid by centrifugation. This process was repeated twice before the final polymer 

product was washed several times with diethyl ether and dried in the vacuum oven at 55 ℃  

overnight. 1H NMR (400 MHz, DMSO-d6): 7.98-7.15(m, 8H), 4.38-4.03 (m, 2H), 3.56-3.42  

(m, PEG), 3.24 (s, 3H, PEG),1.80-1.12 (m, 6H). Yield: 72.4% 

 

3.2.4 Thermal deprotection of PEG-b-PLys(Fmoc) and PLys(Fmoc) 

 

The Fmoc protected (block co-)polymer (200 mg) was dissolved in DMSO (6 mL), and the 

solution stirred at 120 C. To monitor the deprotection kinetics, 1 mL aliquot was retrieved 

from the solution every 15 minutes by syringe, and the polymer recovered by precipitation 

into ice cold diethyl ether. Polymer isolation from solvent was done by centrifugation, with 

the retrieved solid washed several times with ice cold diethyl ether before being dried 

overnight in a vacuum oven at 55 C. Larger samples used for Pb2+ adsorption were created 

over 1 h but without the intermittent sampling. 

 

3.2.5 Water solubility of PEG-b-PLys and PLys with different deprotection degree 
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20 mg PEG-b-PLys and PLys samples with different deprotection degree (0 min, 30 min and 

60 min thermal deprotection time) were mixed with 10 mL and 20 mL distilled water, 

respectively. The resulting solutions were visually inspected for differences in solubility and 

turbidity. 

 

3.2.6 Pb2+ Adsorption by PEG-b-PLys and PLys 

 

50 mg PbCl2 was dissolved in DI water (10 mL). 20 mg of PEG-b-PLys or PLys was mixed 

with Pb2+ solutions at pH 3.5, 4 and 4.5. The polymer under investigation was added (20 mg) 

to the solution and the mixture was maintained for 1 day at room temperature. Following this, 

each sample underwent dialysis against deionised water for two days with frequent water 

changes to remove non-adsorbed Pb2+. The remaining material was recovered by freeze 

drying. 

 

3.3 Results and Discussion 

 

The commonly used z protecting group can be used to produce both Lys(z) NCA and PLy(z) 

by NCA ROP effectively. However, the z group is thermally stable and thus unsuitable for 

deprotection in the absence of harsh, acidic, chemicals[151]. In contrast, the thermal 

deprotection of Fmoc groups in dimethyl sulfoxide (DMSO) at 120 °C has been reported to 

achieve over 96% cleavage from FmocProOH and FmocLys(Boc)OH [152], prompting the 

question: can this methodology be extended to macromolecular poly(amino acid) deprotection? 

If successful, this would eliminate the need for toxic reagents, significantly enhancing the 

environmental sustainability and cost-effectiveness of PLys production, enabling its enhanced 

application for instance as a scavenger for metal ions. 

 

The synthetic pathway employed in this study consisted of three steps (Scheme. 3-1): (1) 

synthesis of Lys(Fmoc)-NCA, (2) polymerisation of Lys(Fmoc)-NCA to yield PLys(Fmoc), 
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and (3) thermal deprotection of PLys(Fmoc) to produce PLys. Additionally, a block copolymer, 

PEG-b-PLys, was targeted to determine the versatility of thermal deprotection for Fmoc 

cleavage from larger amphiphilic block copolymers. The inclusion of a PEG block was 

expected to improve polymer solubility or dispersion in aqueous environments, particularly 

when high levels of Lys-metal coordination occurred in the target application of Pb2+ 

adsorption. 

 

3.3.1 Synthesis and Characterisation 

 

Lys(Fmoc)-NCA was produced as an off-white powder[153]. 1H NMR spectroscopy analysis 

confirmed successful synthesis[154]; the peak at 9.10 ppm corresponds to the NH group within 

the five-membered ring, peaks in the range of 7.94–7.31 ppm are associated with the aromatic 

protons of the Fmoc protecting groups, the CH2 protons in the Fmoc structure are represented 

by a peak at 4.47–4.39 ppm, and the peak between 1.78–1.10 ppm is attributed to the protons 

of the CH2 groups on the side chain. (Figure. S3-1). FTIR spectroscopy further confirmed 

successful NCA synthesis[155] (Figure. 3-1), with the spectrum featuring peaks at 1842 cm-1 

and 1780 cm-1 that represent the C=O bonds of the NCA. The peaks at approximately 757 cm-

1 and 735 cm-1 (bend vibrations of O-disubstituted benzyl ring), combined with the peak at 

1690 cm-1 (C=O from acylamino), corresponded to the Fmoc protecting groups. While for 

PLys(Fmoc), an additional peak appears at ~1700 cm-1, which is attributed to C=O stretching 

of carbonyl group bonded to NH group on hexyl amine side chain. 
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Scheme 3-1 The synthesis of PLys(Fmoc). 

Hexylamine was chosen as the initiator for Lys(Fmoc) NCA polymerisation due to its easily 

identifiable alkyl chain which allows precise quantification of the degree of polymerisation 

by 1H NMR spectroscopy (Scheme 3-1). The corresponding 1H NMR spectrum revealed a 

peak at 0.87 ppm that represents the terminal methyl group of hexylamine[156] (Figure S3-

2). The peaks between 7.00 – 8.00 ppm represent the aromatic protons of the Fmoc group. 

Comparison of the integrals representative of both groups provides a strong indication of the 

average degree of polymerisation as one group (hexylamine methyl protons) is provided by 

the initiator whilst the other group is provided by the polymer repeat unit (Fmoc aromatic 

protons). Complete NCA ring-opening was confirmed by the disappearance of anhydride 

stretches at 1842 cm⁻¹ and 1780 cm⁻¹ in the FTIR spectrum (Figure 3-1). Advanced Polymer 

Chromatography (APC) analysis of the PLys(Fmoc) produced indicated a number average 

molecular weight (Mn) of 16,000 Da and a polydispersity index (PDI) of 1.06, corresponding 
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to a monodisperse polymer of 47 repeat units on average. These results confirm that both 

Lys(Fmoc) NCA and PLys(Fmoc) syntheses are efficient and provide a viable route to PLys. 

 

 

Figure 3-1 FTIR spectrum corresponding to Lys(Fmoc)-NCA, PLys(Fmoc), and PLys. 

 

PLys is an excellent candidate to be used for heavy metal adsorption. However, metal binding 

to the primary amine sites of the polymer may reduce polymer solubility in aqueous solutions, 

potentially leading to aggregation and reduced activity. To ensure that PLys remains soluble, 

or at least dispersed, in aqueous solution, the diblock copolymer methoxyPEG -b-PLys (PEG-

b-PLys) was created. The intended role of the PEG block is to ensure polymer solubility even 

at large levels of Lys-metal coordination as it is not anticipated to participate in metal binding. 

PEG-amine has proven to be a very effective initiator for the creation of amphiphilic PEG-b-

poly(amino acid) block copolymers that are highly promising for controlled release 

applications, including their potential use as drug delivery vehicles[157]. Although PEG-b-

PLys(Fmoc) is an amphiphilic block copolymer that may be suited for nanoparticle formation 

and controlled release applications, the focus of this research is on the creation of polymers for 

Pb2+ adsorption and so the doubly hydrophilic block copolymer PEG-b-PLys was created 

(Scheme 3-2) 



67 

 

   

 
Scheme 3-2 The synthesis of PEG-b-PLys(Fmoc). 

 

FTIR spectroscopy suggested successful block copolymer synthesis owing to the 

disappearance of the peaks at 1842 cm-1 and 1780 cm-1 of the NCA that disappear upon 

complete ring-opening (Figure 3-2). The characteristic band observed at ~1100 cm-1 

corresponds to the C–O–C stretching vibration of PEG, confirming the presence of PEG 

segments in the copolymers. The benzyl section of the Fmoc group is represented by peaks at 

757 cm-1and 735 cm-1.  
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Figure 3-2 FTIR spectra corresponding to Lys(Fmoc)-NCA, PEG-b-PLys(Fmoc), and PEG-b-

PLys 

 

1H NMR spectroscopy further confirmed polymer synthesis (Figure S3-4). The peaks 

representing the four protons of the ethylene glycol repeat units are represented at 3.55 – 3.45 

ppm, and the terminal methyl protons of the PEG section are present at 3.24 ppm[158]. 

Additionally, peaks representative of the PLys(Fmoc) block can be seen; the peaks between 

7.00 and 8.00 ppm are attributed to the aromatic protons of the Fmoc group. The protons of the 

alkyl chain of the lysine R group are shown between 1.00 and 2.00 ppm. NMR analysis was 

conducted after several washing steps with different organic solvents to ensure that the peaks 

present are representative of the desired block copolymer. Integration of the peak 

corresponding to the terminal methyl protons of PEG versus the peak corresponding to the 

Fmoc aromatic protons revealed that ~67 Lys(Fmoc) were conjugated to PEG, on average. 

APC analysis revealed that a block copolymer with a number average molecular weight (Mn) 

of 26,500 Da and a dispersity of 1.06 had been produced. 

 

3.3.2 Thermal Cleavage of Fmoc to yield PLys 
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The focus of this research is to determine whether the thermally induced cleavage of Fmoc 

protecting groups can be applied to polymers that possess pendant Fmoc protecting groups. 

The thermal deprotection of small amino acids is reported to proceed via an E1CB 

mechanism[152, 159], with DMSO used as the solvent (Figure 3-3). It is envisaged that upon 

heating, the Fmoc groups will decompose to dibenzofulvene and carbon dioxide, leaving 

amine groups that may be utilised for metal scavenging. This concept has been proven for 

Fmoc cleavage from small molecules but not Fmoc cleavage from homopolymers, such as 

PLys(Fmoc)47, and block copolymers, such as PEG112-b-PLys(Fmoc)67. 

 

 

 

Figure 3-3 Fmoc cleavage from PEG-b-PLys(Fmoc) in DMSO at elevated temperatures. 

 

Studies were conducted by independently heating DMSO solutions containing PEG-b-

PLys(Fmoc) or PLys(Fmoc), and monitoring Fmoc cleavage as a function of time by 1H 

NMR spectroscopy. Fmoc cleavage results in the decrease in the integrals of the protons 

corresponding to the Fmoc units (peaks b and c in Figure 3-4), relative to those of the PLys 

main chain (peak a in Figure 3-4). For PEG-b-PLys(Fmoc), differences in the 1H NMR 

spectra at 0 minutes and 15 minutes were subtle, but the ratio of peak b: peak a slightly 

decreased from 0.41 to 0.37 and the ratio of peak c: peak a decreased from 1.63 to 1.54 

(Figure 3-4). Values of 0 for peak b:peak a signify complete Fmoc deprotection. After 30 

minutes, the peaks corresponding to Fmoc protons became significantly less sharp and a 

broad peak above 8 ppm gradually appeared, attributed to the protons of a newly formed 

primary amine group. There was a sharp decrease in the values for the peak b: peak a ratio 
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(0.10) and the peak c: peak a ratio (0.48), signifying extensive Fmoc removal in both cases. 

At 60 minutes, the Fmoc groups could not be detected, signifying their complete removal. 

The broad peak above 8 ppm is retained signifying primary amine liberation. 

 

Figure 3-4 Thermal deprotection process of PEG-b-PLys(Fmoc). All spectra were recorded at 

400 MHz using DMSO-d6 as the solvent. 

 

Fmoc cleavage from PLys(Fmoc) homopolymer was somewhat retarded compared to Fmoc 

cleavage from PEG-b-PLys(Fmoc), with significant Fmoc removal not observed until 30 

minutes (Figure 3-4 and Figure 3-5). The hydrophilic PEG section may aid block copolymer 

dispersion, enabling increased access to Fmoc groups in comparison to the homopolymer 

where intermolecular interactions likely cause tight Fmoc group packing. After 30 minutes 
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the peaks corresponding to the Fmoc protons became less sharp and a broad peak signifying 

the presence of a primary amine formed. The peak b: peak a ratio significantly decreased 

from 0.40 to 0.10 and the peak c: peak a ratio reduced by 50%, signifying the loss of Fmoc 

groups (Table 3-1). After 60 minutes almost complete Fmoc deprotection was achieved, 

based on the near complete loss of peaks corresponding to Fmoc protons in the 1H NMR 

spectrum.  

 

Figure 3-5 Thermal deprotection of PLys(Fmoc). All spectra were recorded at 400 MHz using 

DMSO-d6 as the solvent. 
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APC revealed that the number average molecular weight value (Mn) for PEG-b-PLys(Fmoc) 

was 24,800 Da, signifying that ~ 57 Lys(Fmoc) units were attached to the PEG block (Table 

3-1). This value was slightly less than the results provided by 1H NMR spectroscopy (~67 

units), although this is not unexpected as the APC value is obtained against PEG 

homopolymer standards. PLys(Fmoc) exhibited ~ 43 repeat units which aligned closely to the 

value provided by 1H NMR spectroscopy (~ 40 repeat units). Following thermal deprotection, 

~ 52 (PEG-b-PLys) and ~43 repeat units (PLys) were found on average for each polymer by 

APC, confirming that polymer backbone hydrolysis had not occurred. The dispersity values 

of the polymers produced are close to 1 in most cases, signifying narrow molecular weight 

distributions.  

 

Table 3-1 Molecular weight of protected and deprotected versions of PEG-b-PLys(Fmoc) and 

PLys. Mw signifies the weight average molecular weight, Mn signifies the number average 

molecular weight. 

Sample MW (Da) Mn (Da) Dispersity 

PLys(Fmoc) 16,000 15,000 1.06 

PLys 6,700 6,000 1.12 

PEG-b-PLys(Fmoc) 26,500 24,800 1.06 

PEG-b-PLys 12,000 11,400 1.05 

 

3.3.3 Water solubility of PEG-b-PLys and PLys samples with different deprotection 

degree 

 

The water-solubility of PEG-b-PLys and PLys at different stages of thermal deprotection was 

visually assessed. The water-solubility of PEG-b-PLys samples with different deprotection 

degree is shown in Figure 3-6, revealing that clear and transparent liquids resulted due to 

seemingly complete block copolymer dissolution. Although Fmoc groups are hydrophobic, 

PEG amine block worked as hydrophilic layer and assisted PEG-b-PLys(Fmoc) to be 
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dispersed in water, resulting in a visually transparent solution. With deprotection degree 

increased, the yellow colour of the polymer solutions deepened. 

 

 
Figure 3-6 Water-solubility of PEG-b-PLys samples with different deprotection degree: left-

PEG-b-PLys(Fmoc), middle-PEG-b-PLys after 30 min thermal deprotection, and right- PEG-

b-PLys after 60 min thermal deprotection. 

 

As shown in Figure 3-7, PLys(Fmoc) could not be fully dissolved in water and appeared as 

white turbid dispersion. Upon Fmoc removal the polymer became increasingly water-soluble, 

with fully deprotected PLys forming a transparent yellow solution in water (60 min).  

 

 
Figure 3-7 Water-solubility of PLys samples with different deprotection degree: left-

PLys(Fmoc), middle-PLys after 30 min thermal deprotection, and right-PLys after 60 min 

thermal deprotection. 

 

3.3.4 Pb2+ Removal from Aqueous Solution 
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Biodegradable and bioderived polymers that are water-soluble have numerous potential 

applications, including drug delivery systems[160, 161], wound dressing[162], sustainable 

packaging[163], wastewater treatment[164]. A further key application of such polymers is 

their use in wastewater purification, particularly for the removal of cytotoxic metals from 

aqueous environments. Acidic Pb2+-containing wastewater is of great concern owing to its 

toxicity and the difficulty in its treatment. The removal of Pb2+ from the water system is of 

paramount importance owing to the damage that Pb2+ can impart to the heart, kidneys, and 

reproductive and nervous systems of humans, and in particular children[165]. Polymers that 

boast pendant primary amine functionality are reported to be effective for Pb2+ adsorption 

owing to chelation between the electron lone pairs of the primary amine nitrogen atom and 

the metal cation[166]. Although at neutral pH, many primary amine groups become 

protonated and unable to donate electron lone pairs, it may be hypothesised that the high 

density of amine groups in PLys ensures that some amine groups remain uncharged and/or 

favour metal binding over protonation. Consequently, the Pb2+ adsorption capabilities of 

PEG-b-PLys and PLys from aqueous solution was assessed.  

 

The effectiveness of the polymers produced to interact with and bind Pb2+ was assessed using 

TGA to quantify Pb2+ uptake by the polymers. All TGA experiments were performed in 

triplicate, and the data shown in Figure 3-8 represent the average values. Following polymer-

metal incubation and Pb2+ recovery, any remaining matter after heating to 700 ℃ was 

assumed to be non-organic and thus correspond to Pb2+. The amount of Pb2+ recovered per 1g 

of PEG-b-PLys was found to be 2±0.7 mg (pH=3.5), 71±6 mg (pH=4) and 408±17 mg 

(pH=4.5) (Figure 3-8). Although the extent of Pb2+ uptake from pH 4.5 solution highlighted 

the potential of the materials for the intended application, the difference in Pb2+ uptake as the 

solution pH changes from pH 3.5 to pH 4.5 was somewhat surprising.  
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Figure 3-8 Adsorption of Pb2+ by PEG-b-PLys from solutions of various pH. 

 

Zeta (ζ) potential measurements were therefore conducted to determine changes in polymer 

particle stability caused by the amplification or suppression of charge caused by primary 

amine (de)protonation (Figure 3-9). All ζ potential values of PEG-b-PLys are positive in 

acidic and neutral solutions, but decrease as the solution pH increases. Importantly, the ζ 

potential value changes from 19.0 mV to 15.9 mV as solution pH changes from pH 3.5 to pH 

4, and a relatively modest value of 8.8 mV is recorded in solution of pH 4.5. A large ζ 

potential value, positive or negative, denotes particle stability which would arise due to 

electrostatic repulsion between polymer particles in this instance. As the pH increases, 

cationic charge is supressed rendering polymer aggregation more likely. This suppression of 

charge due to pendant primary amine deprotonation may feasibly promote Lys-Pb2+ chelation 

rather than Lys-Pb2+ repulsion, hence greater Pb2+ uptake being recorded in pH 4.5 solution 

compared to both pH 3.5 and pH 4 solutions[167].  
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Figure 3-9 ζ potential values for PEG-b-PLys and PLys in various pH solutions 

 

PEG was included in PEG-b-PLys formulations as hydrophilic PEG should facilitate metal-

polymer dispersion in aqueous solution after the binding event. A water-soluble polymer is 

converted to a dispersed polymer that can easily be recovered by filtration following metal 

scavenging. However, the PEG block may be redundant as PLys is water-soluble itself. 1 g of 

PLys was able to adsorb 538±28 mg of Pb2+ at pH 4.5 according to TGA analysis (Figure 3-

10). As the extent of adsorption exceeded that of PEG-b-PLys (408±17 mg of Pb2+ per 1 g of 

PEG-b-PLys), the use of PEG was deemed unnecessary. Enhanced adsorption by PLys 

compared to PEG-b-PLys is not unexpected given the increased primary amine loading of the 

homopolymer relative to the polymer molecular weight, with this study emphasising the 

significance of PLys as a very useful material in its own right.    

 

Unlike PEG-b-PLys, PLys exhibits a positive ζ potential values at pH levels as high as 8.5 

(Figure 3-9). It may be hypothesised that absence of the PEG segment leads to elevated ζ 

potential values in PLys since the introduction of the PEG block may serve to shield the 

positive charge originating from amine groups[168, 169]. A significant reduction in ζ 
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potential values of PLys is observed when pH ranges from 3.5 to 4.5. The value drops to 20.4 

mV at pH 4.5, matching the vastly increased amount of adsorbed Pb2+ by PLys in aqueous 

solution of this pH. 

 

A paired t-test comparing PLys and PEG-b-PLys across the different pH values showed a t-

statistic of 11.01 and a p-value of 0.00011. This very low p-value indicates a highly 

statistically significant difference between the two groups, with consistently higher Pb2+ 

uptake observed for PLys compared to PEG-b-PLys. 

 
Figure 3-10 TGA data to represent the adsorption of Pb2+ by PLys from solutions of various 

pH. 

 

The maximum Pb2+ loading capacities of were compared with those from previous studies by 

poly(amino acids)-based adsorbents (Table 3-2). However, the preparation of PEG-b-PLys 

and PLys in our studies was done using thermal deprotection as opposed to acid or base 

deprotection. Besides, PLys can capture more Pb2+ from acetic aqueous environment than 

previous poly(amino acids)-based adsorbents. Therefore, it has the potential to control the 

accidental Pb2+ pollution. 
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Table 3-2 A comparison of various adsorbents for the removal of Pb2+ from the aqueous 

solution. 

No. Adsorbents pH Maximum 

adsorption capacity 

(mg/g) 

Reference 

1 γ-polyglutamic acid grafted lignin 5.5 276 [170] 

2 ε-poly-L-lysine grafted lignin 5.5 232 [170] 

3 poly-L-glutamic acids/polyethylene-silica 

complex membranes 
 

5.5 298 [171] 

4 poly-L-aspartic acids/polyethylene-silica 

complex membranes 

5.5 121 [171] 

5 PEG-b-PLys 4.5 408 ± 17 This study 

6 PLys 4.5 538 ± 28 This study 

 

3.4 Conclusions 

 

This study presents a groundbreaking approach to the synthesis of linear homopolymer PLys 

and linear block copolymer PEG-b-PLys via NCA ROP, eliminating the need for toxic 

deprotection agents for the first time. These water-soluble polymers combine bio-

renewability, biodegradability, extensive chemical functionality, and cationic charge, 

positioning them as valuable candidates for a wide range of industrial and environmental 

applications. The development of a safe, cost-effective, and efficient thermal deprotection 

method, achieved within just 1 hour by heating to 120 °C in recyclable DMSO, marks a 

significant advancement in sustainable polymer production. The demonstrated ability of PLys 

and PEG-b-PLys to adsorb Pb2+ from aqueous solutions at capacities of 538±28 mg/g and 

408±17 mg/g, respectively, highlights their potential for addressing urgent environmental 

challenges, such as heavy metal pollution. Future research should expand the application 

scope of α-polylysine and PEG-b-PLys beyond Pb²⁺ ions to other significant heavy metals 
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such as cadmium, mercury, and chromium, to fully exploit their potential in diverse 

environmental remediation scenarios. Additionally, studying these polymers under 

representative environmental conditions represents an imminent research goal. However, this 

study not only reduces the environmental footprint and cost of PLys production but also 

opens new avenues for their widespread application in water purification, biotechnology, and 

beyond. By enhancing the safety, scalability, and sustainability of PLys production, this work 

paves the way for the next generation of functional polymers to make a tangible impact in 

addressing global sustainability challenges. 
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Chapter 4 Polylysine(PLys)-based Hydrogels for Adsorption of Reactive 

Black 5 (RB5) 

4.1 Introduction 

 

Azo dyes, xenobiotic compounds containing one or more azo bonds (–N=N–) and aromatic 

rings, are extensively used in the textile industry for dyeing processes[172, 173]. Annually, 

over 5000 tons of azo dyes are consumed by global textile industries[174, 175]. The washing 

of tinted or printed textiles generates significant liquid waste containing dyes, posing serious 

threats to aquatic ecosystems and human health[176, 177]. Therefore, the removal of azo dyes 

from aquatic environments is essential. Reactive Black 5 (RB5), one of the most commonly 

used azo dyes, is widely employed in textile dyeing[173, 178], printing processes[179, 180], 

and as an industrial colouring agent[181, 182]. The widespread use of RB5 can be attributed to 

its relatively low cost, low energy requirements, vibrant colour, and high stability[183, 184]. 

However, due to the inefficiency of textile dyeing processes, more than 15% of RB5 remains 

unbound to fibres and fabrics and is released into wastewater[185]. Even a tiny amount of RB5 

can significantly alter the colour of a water body[186], and prolonged exposure to RB5 may 

lead to allergic reactions and kidney damage[187]. Consequently, RB5 was selected as a 

representative dye pollutant for removal investigation in this study. 

 

Several methods are available for removing RB5 from sewage effluents, including strong 

oxidants[178, 188], photocatalysis[189, 190], electrochemistry[191], biodegradation[192-194], 

and adsorption [194-196]techniques. In the strong oxidant method, the Fenton reagent 

effectively degraded RB5 by generating hydroxyl radicals[188]. A higher H2O2/Fe2+ ratio 

promoted the production of more hydroxyl radicals, enhancing RB5 removal efficiency. 

Similarly, ozonation can completely degrade RB5 dye solutions within 10 minutes, enabling 

the treated water to be reused for cotton dyeing with reactive dyes[178]. Although the strong 

oxidant method is highly efficient, potential toxicity of byproducts and high operating cost 

limit the development of this method. Photocatalysis and electrochemistry methods also face 
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challenges related to high costs, hindering their widespread adoption. In the photocatalysis 

method, photogenerated valence holes are created when the surface catalyst particles are 

irradiated with UV light. These holes oxidize OH- or H2O, generating hydroxyl radicals that 

can effectively degrade many organic compounds, including RB5[197]. Both TiO2 and ZnO 

photocatalysts demonstrated excellent performance in RB5 degradation. For instance, a 

TiO2/UV system can completely decolorize 3 L of RB5 solution with a concentration of 20 

ppm within 100 minutes[189]. In comparison, a ZnO/UV slurry reactor achieved nearly 100% 

RB5 removal within 60 minutes when treating 1 L of RB5 solution with a concentration of 75 

ppm[190]. Furthermore, the ZnO/UV system showed potential for reuse, enhancing its 

applicability for wastewater treatment. Electro-oxidation is a promising method for the removal 

of wastewater with high anionic content[198]. In this method, anodic polarisation of boron-

doped diamond (BDD) films generated hydroxyl radicals by oxidising water molecules near 

the electrode surface and can remove and mineralize 91% of RB5 within 240 minutes at a 

current density of 100 mA/cm regardless of the initial RB5 concentration[191]. While electro-

oxidation is efficient and fast, its application is limited by the high cost of electrodes and 

significant energy consumption. Different from advanced oxidation processes mentioned 

above, biodegradation of RB5 using microorganism has gained popularity due to its low cost. 

The bacterium Bacillus albus DD1 exhibited a 95% decolourisation efficiency under the 

following conditions: an initial dye concentration of 200 ppm, bacterial inoculum at 20% (v/v), 

and a treatment duration of 5 days at 37 °C[192]. A novel halotolerant yeast has been cultivated 

from 18 xylose-fermenting yeast species, demonstrating a 92% RB5 removal rate from a 

solution containing 50 ppm RB5 and 50 g/L NaCl after 24 hours of treatment[193]. This 

method is green and sustainable; however, its drawbacks include a slow degradation rate and 

the potential formation of carcinogenic aromatic amine byproducts[199]. Physical adsorption 

method gathered huge attention in recent years because of its cost-effectiveness and ease of 

implementation[187]. Biomass, and biomass derivatives have been utilised to adsorb RB5 due 

to their affinity for dye molecules. For example, Brazilian pine-fruit shells have demonstrated 

maximum RB5 adsorption capacities of 74.6 mg/g after a 16-hour period, whereas the activated 

carbon derived from these shells achieved a significantly higher capacity of 446.2 mg/g in just 
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4 hours[194]. This substantial enhancement is primarily due to the activated carbon's well-

developed porous structure and extensive internal surface area, which markedly improves its 

adsorption capacity and efficiency[200]. 1 g of chitin can only adsorb up to 92 mg of RB5 

within 600 minutes at room temperature, primarily due to the non-ionic interaction between 

hydroxyl groups on chitin and the anionic RB5 molecules[195]. In comparison, chitosan 

granules crosslinked with Glu exhibit a significantly higher maximum adsorption capacity, 

reaching 224 mg/g after a treatment process of 1080 minutes[196]. The primary limitation of 

physical adsorption lies in the need to replace or regenerate the adsorbent, which may lead to 

secondary pollution. However, with proper control and optimisation, this drawback can be 

transformed into an advantage. Unlike other methods, physical adsorption preserves the 

structure of RB5 during the removal process, whereas other techniques degrade, decolourise, 

or destroy the dye molecule. This characteristic of adsorption offers the opportunity to recover 

both the adsorbents and RB5 molecules, enhancing sustainability. 

 

Hydrogels formed from amine-rich compounds, such as chitosan-based hydrogels, are ideal 

materials for anion dye adsorption due to their porous structure and high amine group content, 

because electrostatic attraction between protonated amine groups and negatively charged dye 

molecules favours adsorption process[201]. Chitosan-based hydrogels, in particular, have been 

extensively studied for their effectiveness in dye adsorption applications[202-204]. In addition 

to chitosan-based hydrogels, PLys-based hydrogels also have great potential as dye adsorbents. 

Chitosan, with a 100% degree of deacetylation, is a linear homopolymer composed of D-

glucosamine[205]. PLys is a linear peptide composed of lysine residues, which provides a 

higher charge density than chitosan and thus may enhance dye adsorption capacity[81, 206]. 

However, due to the high cost of PLys preparation, PLys-based hydrogels are typically reserved 

for advanced biomedical applications, such as drug delivery vehicles[207], gene delivery 

systems[50], tissue adhesives[208], and wound healing materials[209]. For dye adsorption, 

PLys is often utilised as an auxiliary material or as a modifying agent for other raw materials[83, 

210]. Zhang et al. reported a magnetic adsorbent prepared by modifying PLys onto Fe3O4 

nanoparticles, achieving an adsorption capacity of 318 mg/g for methyl blue within 60 min[83]. 
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Jiang and Zhou modified PLys on oxidised viscose fibres, resulting in a material capable of 

adsorbing 43 mg of methyl blue per gram while also exhibiting strong antibacterial activity 

against E. coli[210]. 

 

Given this background, it is essential to investigate the performance of PLys-based adsorbents 

where PLys serves as the primary component. In this study, PLys will be made to form a 

hydrogel to not only enhance adsorption capacity but also facilitate RB5 dye retrieval from 

aqueous environments. Two common crosslinkers, glutaraldehyde and genipin, were employed 

in hydrogel preparation, and RB5 was selected as the model dye due to ease of detection via 

UV spectroscopy at 598 nm. The effects of pH, contact time, and initial dye concentration on 

the adsorption process will be systematically examined. 

 

4.2 Experimental 

 

4.2.1 Preapration of Lys(cbz)-NCA 

 

16 mmol of H-Lys(cbz)-OH was placed in a three-necked round-bottom flask fitted with a 

condenser, nitrogen supply, and a dropping funnel. The flask was kept under vacuum for one 

hour to remove moisture from the system. Next, 70 mL of anhydrous THF and 32 mL (32 mmol) 

of α-pinene were added to the flask under a continuous nitrogen flow to scavenge the HCl 

generated during the reaction. A solution of 10 g (33 mmol) of triphosgene in 20 mL anhydrous 

THF was then added dropwise via the dropping funnel until the heated mixture began to reflux. 

The reaction was deemed complete when the mixture became clear, indicating the formation 

of NCAs, which are soluble in THF. The reaction time last 3 hours. If the reaction mixture 

remained cloudy, the clear liquid containing Lys(cbz)-NCA was separated by filtration. The 

clear solution was concentrated to ~20 mL via rotary evaporation before being precipitated into 

hexane (hexane: THF ratio = 8:1, v/v) to obtain the NCA. The product was stored in a freezer 

overnight to enhance further NCA precipitation. The crude product was collected by vacuum 
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filtration, washed with cold THF to remove unreacted reagents, and then subjected to at least 

two rounds of recrystallization under vacuum at room temperature (RT) to yield the final 

product. 1H NMR (500 MHz, DMSO-d6, ppm): δ 7.40-7.23 (m, 5H, aromatic), 5.07-4.96 (s, 

2H, OCH2), ,4,46-4.38 (t, 1H, COCH), 3.03-2.93 (dd, 2H, NCH2), 1.83-1.20 (m, 6H, 

CH2CH2CH2). Yield: 82.6%. 

 

4.2.2 Preparation of PLys 

 

PLys was synthesized via two distinct routes. One approach followed the method outlined in 

Section 3.3.1 and 3.3.2: briefly, Lyz(Fmoc) was first opened using the initiator hexylamine 

(HA) to produce PLys(Fmoc). The intermediate product was subsequently heated in DMSO at 

120 ℃ to remove the Fmoc protecting groups before PLys were obtained. This batch of PLys 

were named as PLys 1.   

The other method consists of two main steps: (1) adding initiator hexylamine (HA) to react 

with Lys(cbz)-NCA prepared in 4.2.1 to synthesize PLys(cbz), and (2) fully dissolving 

PLys(cbz) in Trifluoroacetic acid (TFA), followed by adding 33% HBr/AcOH solutions to the 

mixture to remove the cbz protecting group. 

 

To specific, Lys(cbz)-NCA were added to an oven-dried Schlenk tube which was purged with 

nitrogen to remove water from the system. Then, 5 mL of anhydrous dimethylformamide (DMF) 

and HA (HA/Lys(cbz)-NCA molar ratio = 1:80) were added into reaction system as solvent and 

initiator, respectively. The reaction was conducted at RT for at least 4 days, with anhydrous 

conditions maintained through a continuous flow of N2. After synthesis, the solution was added 

dropwise to ice-cooled diethyl ether and the precipitated product collected by centrifugation. 

The homopolymer PLy(cbz) produced was washed several times with diethyl ether and then 

dried in the vacuum oven at 55 °C overnight. 1H NMR (500 MHz, DMSO-d6, ppm): δ 7.98-

7.69 (s, 1H, NH), 7.42-7.05 (m, 5H, aromatic), 5.06-4.87 (s, 2H, OCH2), 4.28-4.07 (br, 1H, 

COCH), 3.00-2.89 (dd, 2H, NCH2), 1.80-1.05 (m, 6H, CH2CH2CH2), 0.87-0.76 (t, 3H, CH3). 
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Yield: 82.4%.  

 

0.3 g of PLys(cbz) was dissolved in 8 mL of TFA, followed by the addition of 2 mL of a 33% 

HBr/AcOH solution to deprotect the carboxybenzyl groups. The reaction proceeded for 1 day. 

The crude product was then precipitated in ice-cooled diethyl ether, collected by centrifugation, 

and dissolved in deionized water. This mixture was dialyzed against deionized water for 2 days, 

after which the solution inside the dialysis tube was frozen using liquid nitrogen. The final 

product, PLys, was obtained by freeze-drying. 1H NMR (500 MHz, DMSO-d6, ppm): δ 7.94-

7.82 (s, 2H, NH2), 4.36-4.07 (br, 1H, COCH), 2.84-2.66 (br, 2H, NCH2), 1.88-1.17 (m, 6H, 

CH2CH2CH2), 0.88-0.80 (t, 3H, CH3). Yield:80.1%. PLys prepared via above method were 

named as PLys 2. 

 

4.2.3 Preparation of PLys/Glu hydrogels and PLys/Gen hydrogels 

 

For the preparation of PLys/Glu hydrogels, approximately 100 mg of PLys 1 and the crosslinker 

Glu were dissolved in 0.2 mL of deionized water. The mixture was then put at 50 °C for 1 day 

to facilitate gel formation. The weight ratios of PLys to Glu were adjusted to 20:3 and 10:3, 

resulting in hydrogels designated as PLys/Glu Gel 1 and PLys/Glu Gel 2, respectively, arranged 

according to an ascending order of crosslinker concentration. 

 

In a similar procedure for PLys/Gen hydrogels, around 100 mg of PLys 2 and the crosslinker 

genipin were dissolved in 0.2 mL of deionized water. Following the same gelation conditions 

(50 °C for 1 day), weight ratios of PLys to genipin were set at 5:1, 15:1, and 20:1. The resulting 

hydrogels were named PLys/Gen Gel (I) through (III) respectively in order of decreasing 

crosslinker concentration. 

 

4.2.4 Swelling behaviour of PLys/Glu hydrogels and PLys/Gen hydrogels 
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All hydrogels prepared in step 3.3.3 were immersed in 10 mL of phosphate-buffered saline 

(PBS) at room temperature (RT). The water absorption capacity of each hydrogel was assessed 

by measuring their weights at different time intervals. Each measurement was conducted a 

minimum of three times to ensure data reliability. 

 

4.2.5 RB5 adsorption experiments 

 

In the adsorption experiment, PLys-based hydrogels were added to RB5 dye solutions at room 

temperature. The experimental parameters, including the oven-dried mass of the hydrogels, 

volume of RB5 solutions, initial dye concentrations, pH values, and adsorption durations, were 

adjusted to accommodate different conditions. All experiments were conducted at least 3 times 

under continuous stirring at 350 ppm. 

 

To investigate the effects of pH on RB5 adsorption, a series of 25 mL RB5 solutions with 

different pH values were configured by 0.1 M HCl and 0.1 M NaOH. The initial concentration 

for RB5 solutions was maintained at 100 mg/L. After reaching water adsorption equilibrium, 

0.2 g of PLys/Glu Gel 1 and PLys/Gen Gel (III) were respectively introduced into the RB5 

solutions. For the experiments involving PLys/Glu Gel 1, the pH values were set to 3, 4, 5.5, 

7.5, and 9, while for PLys/Gen Gel (III), the pH levels were adjusted to 3, 4, 5.5, 6.5, and 7.5. 

The adsorption time was 1 d. 

 

For kinetic adsorption experiments of PLys/Glu Gels on RB5, the adsorption duration was 

extended up to 9 h. 1 g of PLys/Glu Gels, which had reached their maximum water adsorption 

capacity were immersed in 400 mL RB5 solutions with an initial concentration of 25 mg/L and 

a pH of 5.5. During the first 20 min, RB5 concentrations were measured every 5 min; over the 

subsequent 60 min, measurements were taken at 10-min intervals. Afterward, concentrations 

were monitored every 20 min until the 5 h mark, and for the final 4 h, concentration readings 

were taken once per hour. 
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For kinetic adsorption experiments of PLys/Gen Gels on RB5, experiments were conducted 

over a period extending up to 8h. 0.5 g of PLys/Gen Gels was submerged in 200 mL RB5 

solutions. The initial concentration of RB5 was 30 ppm. pH of RB5 solutions was controlled 

at 5.5. During the first 2 h of the adsorption process, RB5 concentrations were measured at 10-

min intervals. Over the subsequent 2 h, measurements were taken every 20 min. From 4 h until 

the 6-hour mark, the concentrations were monitored every 30 min. In the final 2 hours of the 

experiment, concentration assessments were performed once every hour. 

 

For adsorption isotherm experiments, the pH of the RB5 solutions was controlled at 5.5. The 

adsorption period was set to 6 h for PLys/Glu hydrogels and for PLys/Gen hydrogels. For 

PLys/Glu hydrogels, the initial RB5 concentrations were adjusted to 25, 50, 100, 150, 200, 300, 

400, and 500 ppm, while for PLys/Gen hydrogels, the initial concentrations were set at 30, 50, 

100, 200, 300, 400, and 500 ppm. 

 

The concentration of RB5 in the aqueous solution was measured by UV-Vis spectrophotometer 

(Varian Cary 50, Agilent Technologies, United States). The amount of metal ions adsorbed 

from the solution was calculated by the following Equation 4-1: 

𝑞𝑒 =
(𝐶0−𝐶𝑒)𝑉

𝑚
  

                                                                       (4-1) 

                                                                                                                                              

where C0 and Ce represent the initial metal ion concentration and adsorption equilibrium 

mental ion concentration (ppm), respectively, while the V represents the volume of the 

solution (L) and m is the absolute dry mass of the PLys-based hydrogels used (g). 

 

4.2.6 Recovery of RB5 on PLys/Glu hydrogels 

 

Desorption of RB5 from PLys/Glu Gel 1 was carried out as follows. Once PLys/Glu Gel 1 from 

the kinetic adsorption experiments reached RB5 adsorption equilibrium, the pH of the solution 
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was adjusted to 12 using 1 M NaOH. The mixtures were stirred at 350 rpm on a magnetic stirrer 

at RT for 1 day, and Samples were taken from the solution to monitor the amount of RB5 

desorbed into the solution. After the desorption test, the pH of RB5 solutions were adjusted to 

5.5 again to initiate the next cycle of adsorption. The adsorption–desorption experiments were 

conducted for four cycles. 

 

4.3 Results and discussion 

 

4.3.1 Characterization of Lys(cbz)-NCA, PLys(cbz) and PLys 

 

The NCA ROP method, known for its high efficiency, was used for the synthesis of PLys. Two 

synthetic routes were employed for PLys preparation. The first route involved synthesising 

PLys(Fmoc) by performing NCA-ROP with Lys(Fmoc)-NCA, followed by thermal 

deprotection in DMSO at 120 °C, as described in Chapter 3. The second route entailed the 

preparation of PLys(cbz) via NCA-ROP from Lys(cbz)-NCA, followed by acid deprotection 

using 33% HBr/AcOH (Figure 4-1). Analogous to other protecting groups, the incorporation 

of a cbz protecting group serves to shield the lysine side-chain amino groups during 

polymerisation, effectively preventing undesired side reactions such as branching. This 

HBr/AcOH deprotection method is efficient for removing the cbz group, enabling nearly 

complete deprotection and yielding highly pure PLys with exposed amino groups[211]. 
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Figure 4-1 Scheme of preparation of PLys from Lys(cbz)-NCA. 

Lys(cbz)-NCA was synthesised as a white powder following a widely established protocol. 1H 

NMR spectroscopy confirmed successful synthesis, as indicated by the presence of aromatic 

protons from the cbz protecting group, which was detected as a multiplet within chemical shift 

range of 7.42-7.05 ppm[212]. Additionally, a single at 5.00 ppm attributed to benzylic -CH2- 

protons of cbz group[212](Figure S4-1). Further confirmation of successful NCA synthesis was 

provided by FTIR spectroscopy (Figure 4-2), which displayed characteristic peaks at 1848 cm-

1 and 1772 cm-1, corresponding to the C=O bonds in the NCA anhydride structure[212]. 

Additional peaks at around 736 cm-1 (phenyl C-H bending vibrations), along with a peak at 

1685 cm-1 (C=O from acylamino), confirmed the presence of cbz protecting groups[155]. 
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Figure 4-2 FTIR spectrum corresponding to Lys(cbz)-NCA, PLys(cbz), and PLys. 

 

The 1 H NMR spectrum of PLys(cbz) (Figure S4-2) revealed not only the identifiable alkyl 

chain (0.87-0.76 ppm) attributed to the initiator end but also characteristic peaks corresponding 

to the cbz protecting group (7.42-7.05 ppm belonging to aromatic protons, 5.00 ppm belonging 

to methylene protons), providing preliminary evidence for the successful synthesis of 

PLys(cbz). Further confirmation was provided by FTIR spectroscopy (Figure 3-2, red line). 

The successful NCA ring-opening was indicated by the disappearance of the characteristic 

anhydride stretching peaks at 1848 cm-1 and 1772 cm-1. The absence of these peaks in the FTIR 

spectrum after polymerisation confirmed that all monomer molecules had undergone complete 

conversion through ring-opening. 

 

Following a 24-hour acid deprotection process in TFA, precipitation and dialysis steps are 

important to eliminate residual reagents and byproducts, ensuring a high-purity product with 

free amine groups suitable for further functionalisation or application. The complete 
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elimination of the cbz protecting groups was confirmed via 1HNMR spectroscopy (Figure S4-

3) and FTIR analysis of PLys (Figure 3-2, blue line). The 1H NMR spectrum showed no 

detectable signals corresponding to aromatic protons, and the disappearance of the peak at 736 

cm-1 in the FTIR spectrum, previously associated with aromatic C–H bending vibrations[213], 

indicated that cbz groups had been successfully deprotected. 

 

MALDI mass spectrometry was used for polymer molecular weight analysis. PLys 1 displayed 

its molecular weight distribution, with the most prominent peaks ranging from 5480 to 7420 

m/z, indicating that the primary molecular weights of PLys 1 fell within this range (5480 g/mol 

to 7420 g/mol) (Figure 4-3). The central peak, located at 6270 m/z, exhibited the highest signal 

intensity, suggesting an average molecular weight of approximately 6270 g/mol, which aligned 

closely with APC results (Table3-1, Mn=6000 g/mol). The MALDI spectrum consisted of 

multiple smaller peaks, with intervals of around 128 m/z, matching the molecular weight of the 

PLys repeat unit and further confirming successful polymer synthesis. 

 

 
Figure 4-3 MALDI test result of PLys1 (prepared from thermal DMSO deprotection method). 

 

Compared with PLys 1, which was discussed in detail in Chapter 2, PLys 2 synthesised from 

Lys(cbz)-NCA demonstrated a broader molecular weight distribution, ranging from 5600 g/mol 

to 8100 g/mol, as illustrated in Figure 4-4. The most prominent signal for PLys 2 was observed 

at approximately 6520 m/z, suggesting an average molecular weight of around 6520 g/mol, 
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slightly exceeding that of PLys 1. Additionally, the MALDI spectrum of PLys 2 also featured 

multiple minor peaks with intervals of 128 m/z. These intervals correspond to the molecular 

weight of a PLys repeat unit. When exposed to high-energy laser irradiation, these repeat units 

fragment may detach from the polymer chain, and are subsequently detected by the instrument.  

 

 

Figure 4-4 MALDI test result of PLys 2 (from HBr/AcOH deprotection method) 

The average molecular weights of PLys 1 and PLys 2 were determined to be 6270 g/mol and 

6520 g/mol, respectively, based on the most prominent MALDI signals. This suggested that 

PLys 2 contained approximately two additional repeat units compared to PLys 1. However, this 

slight difference was not deemed significant to be considered for subsequent adsorption studies. 

 

4.3.2 Mechanism of fabrication of PLys/Glu and PLys/Gen hydrogels. 

 

In the absence of a crosslinker, PLys in pH neutral aqueous solution lacks the ability to form a 

stable, three-dimensional network, dissolving to form a solution instead. Crosslinkers are 

therefore essential for converting a liquid polymer solution into a gel structure capable of 

retaining water, providing mechanical stability, and thus enabling use in a range of applications.  

 

Given that PLys contains abundant amine groups (-NH₂), Glu and genipin were selected as 

crosslinkers to facilitate hydrogel formation. Glu, a small bifunctional aldehyde, is widely 
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employed as a crosslinking agent for proteins, polysaccharides, and various polymeric 

materials. Its crosslinking mechanism involves the formation of covalent bonds with amine 

groups (-NH₂) in biomolecules, such as lysine residues in proteins, or analogous functional 

groups in polymers[214]. However, frequent contact with Glu may cause irritation and 

corrosion to human skin, eyes, and respiratory system[215]. In contrast, genipin is a natural, 

low-toxicity alternative. It has been shown to effectively crosslink biopolymers including 

chitosan, gelatin, and collagen, and offers biocompatibility and biodegradability[216]. In both 

cases, PLys crosslinking can be done in aqueous solution to enable hydrogel formation in situ 

as PLys crosslinking occurs.  

 
Figure 4-5 Mechanism for crosslinking of HAPLys with Glu. 
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The crosslinking mechanism between PLys and Glu is driven by a Schiff-base reaction (Figure 

4-5)[217]. The nucleophilic addition reaction begins when a lone pair of electrons from the 

nitrogen atom in the amine group of PLys attacks the positively charged carbon atom of the 

carbonyl group in Glu. This interaction forms an intermediate α-hydroxyamine compound, 

which subsequently undergoes dehydration, leading to the formation of PLys/Glu hydrogels. A 

distinctive yellow/brown coloration appeared, indicating a rapid cross-linking reaction. 

Following hydrogel formation, a distinctive yellow/brown coloration developed, characteristic 

of the reaction between Glu and amines. This coloration is likely due to the formation of a 

Schiff base[218]. 
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Figure 4-6 Possible mechanism for the crosslinking of HAPLys with genipin. 

 

Since the discovery by Fujikawa et al. of genipin dimer formation in the presence of glycine, 

covalent crosslinking between genipin and polymers bearing free primary amine groups has 

been extensively employed to fabricate hydrogels for biomedical applications[94], however, 

genipin crosslinked PLys has not been reported before. Apart from that, the precise mechanism 

underlying this crosslinking remains insufficiently explained. A potential mechanism for the 

crosslinking between PLys and genipin is proposed, inspired by the hypothesised mechanism 
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of genipin's interaction with chitosan. 

As illustrated in Figure 4-6, an amine group from PLys (in pink) initiates a nucleophilic attack 

on the α, β-unsaturated ester group of genipin, forming the corresponding intermediate[219]. 

Subsequently, the methoxycarbonyl group undergoes nucleophilic attack by an amine group 

(in purple) from another PLys chain, resulting in the formation of a secondary amide bond with 

the release of one methanol molecule. In aqueous solution, genipin exists as individual 

molecules that remain colourless at low concentrations. The characteristic blue-green colour 

emerges only when genipin reacts with amines, resulting in the formation of chromophores—

light-absorbing structures responsible for the blue coloration. 

 

4.3.3 Swelling behaviour of PLys/Glu and PLys/Gen hydrogels 

 

The composition of various PLys-based hydrogels was detailed in Table 4-1. Following gel 

formation, the hydrogels' water adsorption capacity and stability were evaluated by immersing 

them in PBS buffer for seven days. The mass of the hydrogels was recorded daily to determine 

the extent of water uptake, and the results displayed in Figure 4-7. The round legend denotes 

PLys/Glu Gels, while the triangle legend represents PLys/Gen Gels. 

 

Table 4-1 Different PLys-based hydrogels for RB5 adsorption. 

Hydrogel Composition 

PLys/Glu Gel 1 PLys:Glu (weight ratio)= 20:3 

PLys/Glu Gel 2 PLys:Glu (weight ratio)= 10:3 

PLys/Gen Gel (I) PLys:genipin (weight ratio)=5:1 

PLys/Gen Gel (II) PLys:genipin (weight ratio)=15:1 

PLys/Gen Gel (III) PLys:genipin (weight ratio)=20:1 
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Figure 4-7 Water adsorption capacity of PLys-based hydrogels. 

 

Regardless of the crosslinker used, PLys-based hydrogels achieved maximum water adsorption 

capacity after one day and remained stable in aqueous solution for at least seven days. 

 

To examine the effect of crosslinker quantity on the swelling ratio of the hydrogels, data from 

Figure 6 were used to calculate the swelling ratio based on Equation (4-2).  

                       𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =
𝑊𝑒−𝑊0

𝑊0
 × 100%                       

                                                                       (4-2) 

In this equation, We represents the equilibrium weight of the hydrogels, measured after one day, 

while W0 denotes the initial weight of the prepared hydrogels. 

 

The results, displayed as column chart in Figure 4-8, show that for PLys/Glu Gels, a weight 

ratio of PLys to Glu of 20:3 allowed 0.315 g of PLys/Glu Gel 1 to absorb an additional average 

1.085 g of water, yielding a swelling ratio of 346±17%. When this ratio was reduced to 10:3, 

0.33 g of PLys/Glu Gel 2 absorbed only average 0.5 g of water, resulting in a swelling ratio of 

152±21%, less than half that of PLys/Glu Gel 1. This indicated that the swelling ratio of 

PLys/Glu Gels decreased as the Glu content increased. The molar ratios of amine to aldehyde 

functional groups provided additional insight: for PLys/Glu Gels 1 and 2, the ratios were 2.5 
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and 1.25, respectively. A higher amine/aldehyde molar ratio corresponds to a looser network 

structure of hydrogel, resulting in increased water adsorption capacity[220]. 

 

Figure 4-8 Swelling ratio of PLys-based hydrogels 

 

For PLys/Gen Gels, as the genipin content increased from 4 mg to 20 mg per 100 mg of PLys 

2, the molar ratio of amine groups in PLys to the two reactive sites in genipin decreased from 

17.8 to 4.4, and the swelling ratio decreased correspondingly from 592±35% to 360±16%. 

This decreasing trend in swelling with higher genipin content aligns with expectations, as 

increased genipin reduces the number of protonated primary amine groups that contribute to 

hydrogel swelling via electrostatic repulsion. Additionally, crosslinking restricts PLys chain 

mobility, resulting a more compact hydrogel structure and diminishing the polymer's capacity 

to swell in aqueous solution.  

 

Among the chosen PLys/crosslinker weight ratios, PLys/Gen Gels demonstrated a higher water 

adsorption capacity compared to PLys/Glu Gels. Crosslink density of hydrogels can explain 

the difference, and it can be numerically represented by molar ratio of amine groups in PLys 

and reactive sites of crosslinker (for PLys/Glu Gel is two aldehyde groups, for PLys/Gen Gel 

is two reactive sites shown in Fig. 4-6). For PLys/Glu Gels, these ratios are from 1.25 to 2.5, 
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while for PLys/Gen Gels, these ratios range from 4.4 to 17.8. The higher molar ratios observed 

in PLys/Gen Gels contribute to a less compact structure of hydrogel, thereby enhancing their 

water adsorption capacity. Among those hydrogels, swelling ratio of PLys/Gen Gen (III) is the 

highest, and can be high up to 592±35%, exhibiting strong potential for materials requiring 

superior water adsorption. 

 

4.3.4 SEM analysis of PLys-based hydrogels 

 

To visualise the internal structure of the hydrogel, the fully hydrated hydrogel was rapidly 

frozen in liquid nitrogen, freeze-dried, and subsequently examined by SEM. This approach to 

visualisation preserves the hydrogel’s original microstructure, preventing collapse or 

deformation during sample preparation and observation. 

 

Figure 4-9 SEM images of (a) PLys/Glu Gel 1 and (b) PLys Glu Gel 2 (The white scale bar in 

the image represents a length of 50 µm). 

 

In Figure 4-9, the dark region represents pore structures of PLys/Glu Gels. Pore sizes of 

PLys/Glu Gel 1 generally ranged from 10 to 100 µm, with an irregular pore shape that reflected 

a diverse pore structure (Figure 4-9 (a)).  
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As seen in Figure 4-9 (b), PLys/Glu 2 also displayed pore sizes typically ranging from 10 to 

100 µm. The dark region became less, with pores arranged more sparsely, resulting in a more 

compact structure due to the higher proportion of Glu[221]. This structural configuration may 

enhance the mechanical strength of the hydrogel; however, it likely decreases its water content 

owing to the restricted expansion space. 

 

 

Figure 4-10 SEM of (a) PLys/Gen Gel (I), (b) PLys/Gen Gel (II) and (c) PLys/Gen Gel (III) 

(The white scale bar in the image represents a length of 50 µm). 

 

All porous structures of PLys/Gen Gels can be proved in the Figure 4-10, confirming hydrogel 

network formation. The porosity represented by dark areas of these gels increased in such an 

order (PLys/Gen Gel (I) < PLys/Gen Gel (II) < PLys/Gen Gel (III)), with decreasing content of 

genipin. PLys/Glu Gels network structures seemed to be fairly closed, while those of PLys/Gen 

Gels were more open, which correlated to the swelling data obtained in Figure 4-8. Higher 

porosity facilitates the transfer of water or other substances throughout the gel network, making 

it suitable for applications that require higher permeability, such as drug release systems or 

biological scaffolds[222]. 

In PLys-based hydrogels, high porosity improves the transport of water and other substances. 

Theoretically, hydrogels with greater porosity and more amine groups are more favourable for 

RB5 adsorption. This hypothesis will be tested in the subsequent RB5 adsorption experiments. 
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4.3.5 Rheology tests of PLys-based hydrogels 

 

Rheological analysis was performed to confirm the formation of hydrogels and to evaluate their 

rheological properties. PLys/Gen hydrogels for rheology testing were prepared according to 

the method outlined in Section 3.3.3. After preparation, the gels were fully swollen in 1 mL of 

deionized (DI) water. 

 

In Figure 4-11 (a), the storage and loss modulus of PLys/Glu Gel 1 are presented. No crossover 

point was observed between the storage modulus (G') and the loss modulus (G'') throughout 

the tested frequency range, indicating robust solid-like behaviour and the presence of a 

crosslinked fibrous network within the hydrogels[223]. As the frequency increased from 1 Hz 

to 100 Hz, the storage modulus of this hydrogel declined from 70 kPa to 44 kPa, while the loss 

modulus increased gradually from 4400 Pa to 5200 Pa. Relative low cross-linking density in 

Gel 1 may account for the frequency-dependent changes. Less crosslink points of the hydrogel 

mean less restriction between the PLys chains, which hinders their ability to return to their 

original state and promotes greater relaxation of the chain segments under high-frequency 

conditions[224]. The hydrogel primarily exhibited elastic behaviour, as indicated by its storage 

modulus being substantially higher than the loss modulus. Similarly, PLys/Glu Gel 2 also 

demonstrated predominantly elastic characteristics. However, the storage and loss modulus of 

PLys/Glu Gel 2 remained consistent across varying frequencies, maintaining values of 280 kPa 

and 26 kPa, respectively, highlighting its strong mechanical stability across a broad frequency 

range.  
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Figure 4-11 Storage (G’) and loss (G”) modulus of PLys/Glu Gels: (a) PLys/Glu Gel 1 and 

(b) PLys/Glu Gel 2. 

 

Rheology test of PLys/Gen hydrogels are depicted in Figure 4-12. At a higher mass ratio of 

PLys/Genipin (20:1 for PLys/Gen Gel (III)), where the lowest genipin content necessary for 

hydrogel formation, a crossover point between G' and G'' was observed across the tested 

frequency range, indicating limited crosslinking points in the hydrogel, though SEM Figure 

(Figure 4-10 (c)) proved crosslinked networks of this hydrogel. Hydrogels with low 

crosslinking degree may be hard to maintain previous G' and G'' at low frequency. Conversely, 

at lower mass ratios (5:1 for PLys/Gen Gel (I) and 15:1 for PLys/Gen Gel (II)), where more 

genipin was added, no crossover point appeared, suggesting the formation of permanent 

covalent bonds, characteristic of a chemically crosslinked hydrogel[225]. Besides, for these 

two hydrogels, the G' consistently remained higher than G'' over the entire frequency range, 

which indicates robust solid-like behaviour and an interwoven network structure in the 

hydrogels. Increasing the proportion of genipin allows for control over the mechanical strength 

of the hydrogels.  

 

 



103 

 

 

Figure 4-12 Storage (G’) and loss (G”) modulus of PLys/Gen Gels: (a) PLys/Gen Gel (I), (b) 

PLys/Gen Gel (II) and (c) PLys/Gen Gel (III). 

 

For PLys/Gen Gels (I)-(III), when the frequency was below 40 Hz, both the storage modulus 

(G') and the loss modulus (G'') remained nearly constant or exhibited minimal changes. This 

stability indicated that PLys/Gen Gels maintain consistent viscoelastic properties within this 

frequency range. As genipin/PLys mass ratio increased from 5% (Gel (III)) to 20% (Gel (I)), 

there was a notable increase in G' from 5.34 kPa to 58.9 kPa and in G'' from 680 Pa to 2.33 

kPa, revealing that the higher PLys/Gen hydrogel crosslinking density enhanced mechanical 

strength. This hydrogel with more rigid structure not only demonstrated improved resistance 

to deformation but also increased intermolecular friction[226], reflected in the concurrent rise 

of both G' and G''. 

 

However, at test frequencies above 60 Hz, the behaviour of the hydrogels varied depending on 

the proportion genipin included as the crosslinker. For Gel (III), the storage modulus of this 

hydrogel sharply declined from 5.34 kPa to 280 Pa, while the loss modulus gradually increased 

from 680 Pa to 7.50 kPa. The lower genipin content in Gel (III) means a lower network density 

of this hydrogel. The reduced cross-linking density impairs the hydrogel's ability to withstand 

high-frequency deformation, as fewer cross-linking points provide limited structural 

rigidity[227]. At high frequencies, this network lacks sufficient restoring force to sustain elastic 
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deformation, leading to a drop in the elastic modulus. Although the molecular chain of low 

cross-linking density hydrogel is not highly restricted, it can hardly relax swiftly in response to 

external high-frequency stress, resulting in greater friction between segments. The increased 

internal friction between molecular chains converts into thermal energy and non-elastic 

molecular dissipation, which causes the loss modulus to rise at higher frequencies[228]. For 

Gel (I) and (II), both G' and G'' showed further increases. Specifically, G' and G'' of Gel (I) 

increased to 81.1 kPa and 13.5 kPa, respectively, while those of Gel (II) increased to 22.7kPa 

and 8.9 kPa. Hydrogels with relatively high cross-linking density exhibit viscoelastic dual 

characteristics at high frequencies[228]. The short action time at these frequencies limits the 

ability of molecular chains to rearrange or relax, leading to greater resistance to deformation. 

Consequently, the elastic network primarily "stores" the high-frequency stress, resulting in an 

increase in the elastic modulus. Meanwhile, the frequent vibrations of molecular chains 

generate more friction both between chains and within segments, causing additional energy 

loss as thermal energy and thereby increasing the loss modulus.  

 

When comparing PLys/Glu Gel 1 with PLys/Gen Gel (III), which share similar 

polymer/crosslinker mass ratios, it was observed that the G' of PLys/Glu Gel 1 was higher than 

that of PLys/Gen Gel (III). Although these hydrogels form through different mechanisms, 

differences cross-linking density likely account for this difference. In both hydrogels, the 

molecular weights of PLys were similar, as confirmed by MALDI testing, leading to 

comparable repeating amine groups. Given that genipin (226.23 g/mol) has a higher molecular 

weight than Glu (100.12 g/mol), and molar amount of crosslinker in PLys/Glu Gel is 

approximately twice that in PLys/Gen Gel, so PLys/Glu Gel 1 exhibits a denser network 

structure than PLys/Gen Gel (III), which contributes to the enhanced mechanical strength 

observed in PLys/Glu Gel 1. 

 

4.3.6 Effect of pH on RB5 adsorption on PLys-based hydrogels 
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pH plays a critical role in the adsorption of organic dyes. RB5 adsorption on PLys-based 

hydrogels is driven by electrostatic attraction between the protonated free amine groups in the 

hydrogels and the anionic sodium sulfonate groups on RB5 molecules (Figure 4-13 and 4-14). 

The pKa of PLys generally falls between 9.0 and 9.5[94], while RB5 has a pKa of around 3.8, 

associated with its amine groups[229]. However, the pKa of the dye’s sodium sulfonate groups 

(-SO₃Na) is significantly lower, sometimes even reaching negative values[229]. Therefore, for 

adsorption experiments with PLys/Glu Gel 1, pH levels varied from 3 to 9, while for PLys/Gen 

Gel (III), the pH was adjusted from 3 to 7.5. 

 

 

Figure 4-13 Chemical structure of Reactive Black 5. 

 

 

 

 

Figure 4-14 Illustrated diagram how PLys/Glu and PLys/Gen Gels adsorbed RB5 ions. 

The influence of medium pH on RB5 uptake is presented in Figure 4-15. For PLys/Glu Gels, 

the highest dye adsorption value was recorded at pH 4. Above pH 4, the RB5 adsorption value 

gradually decreased from 114±5 mg/g to 85±3 mg/g, based on dry weight of gels. This trend 
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can be attributed to the reduced protonation of amino groups at higher pH levels, which 

diminishes their positive charge and thus weakens electrostatic interactions with the negatively 

charged dye molecules[230]. At pH 3, a slight decrease in adsorption was observed, likely due 

to the protonation of RB5’s amine groups, which reduces the concentration of anionic dye 

species available to interact with the hydrogel's active sites[230]. 

 

 
Figure 4-15 The effects of pH on the adsorption of RB5 by PLys/Glu Gel 1 (0.2 g PLys/Glu 

Gel 1 (swollen equilibrium state) in 25 mL and 100 ppm RB5 solution, contact time 1 d, qe 

means RB5 adsorption capacity of oven dried hydrogel after equilibrium). 

 

The effect of pH on RB5 adsorption by PLys/Gen Gel (III) is illustrated in Figure 4-16. As the 

pH increased from 3 to 5, there was no obvious change as for the adsorbed amount of RB5, 

ranging from 194±7 mg/g to 199±5 mg/g. When pH value was beyond 5, there was a gradual 

decline in RB5 uptake to 162±4 mg/g as pH continued to rise. This decrease is likely due to 

deprotonation of the hydrogel’s amine groups, weakening their interaction with the negatively 

charged RB5 anions[230]. 
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Figure 4-16 The effects of pH on the adsorption of RB5 by PLys/Gen Gel (III) (0.2 g 

PLys/Gen Gel (III) (swollen equilibrium state) in 25 mL and100 ppm RB5 solution, contact 

time 1 d, qe means RB5 adsorption capacity of oven dried hydrogel after equilibrium). 

 

At pH 4, both hydrogels exhibited their maximum RB5 adsorption capacity, with PLys/Gen 

Gel (III) achieving an adsorption capacity 85 mg/g higher than PLys/Glu Gel 1. This difference 

can be attributed to the greater number of free amine groups following crosslinking, and the 

higher swelling ratio of the PLys/Gen Gel (III). As the pH increased to 5.5, though RB5 uptake 

by both hydrogels slightly decreased, the difference was minimal. Given the practical 

requirements for organic dye wastewater treatment and the susceptibility of equipment to 

corrosion in overly acidic or alkaline conditions, the pH of RB5 solutions was set to 5.5 for 

subsequent adsorption experiments. 

 

4.3.7 Effect of contact time on RB5 adsorption on PLys-based hydrogels 

 

By studying the effects of contact time on the adsorption of RB5 onto PLys-based hydrogels, 

the equilibrium adsorption capacity can be obtained, which can be used to fit the adsorption 

kinetic model. Figure 4-17 shows the effects of contact time on the amount of RB5 adsorbed 

per gram of PLys/Glu Gels at pH 5.5. Adsorption of RB5 by PLys/Glu Gel 1 increased rapidly 

during the initial 100 minutes, reaching approximately 29.4% of its equilibrium adsorption 
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capacity. After this phase, the adsorption rate slowed until 200 minutes, followed by an 

accelerated adsorption stage—exceeding the rate of the first “fast” stage—over the next 60 

minutes, during which adsorption increased from ~37.1% to ~93.6% of the equilibrium 

capacity. The adsorption then gradually reached its maximum value of 109±6 mg/g at 360 

minutes. Similarly, PLys/Glu Gel 2, which has fewer active amine groups, adsorbed RB5 

rapidly during the first 30 minutes, reaching ~28.6% of its equilibrium adsorption capacity. 

This was followed by a slower adsorption phase until 200 minutes, after which the adsorption 

rate increased again over the next 100 minutes, rising from ~34.9% to ~96.2% of the 

equilibrium capacity. The adsorption gradually plateaued, reaching a maximum RB5 

adsorption of 54±6 mg/g at 360 minutes. 

 

RB5 adsorption on PLys/Glu Gels followed a “fast-slow-fast-slow” adsorption pattern before 

reaching equilibrium. In the initial "fast" phase, RB5 ions were rapidly captured by surface 

amine groups. Adsorption then slowed due to several possible factors: (1) progressive 

occupation of active sites on the hydrogel surface, reducing available sites, (2) the diffusion of 

RB5 molecules into the hydrogel’s interior, and (3) the formation of a negatively charged layer 

by adsorbed RB5 on the hydrogel surface, which repels additional anionic dye molecules. 

Following this phase, adsorption accelerated again as amine groups within the hydrogel’s 

interior absorbed more RB5. During this stage, some hydrogels broke into smaller pieces under 

stirring, increasing the contact surface area between the gels and RB5 ions. Eventually, 

adsorption slowed again as equilibrium was approached. 
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Figure 4-17 The effects of contact time on the adsorption capacity of PLys/Glu Gels for RB5 

(initial concentration of RB5 25 ppm, 1g PLys/Glu Gel (in swollen equilibrium state) in 400 

mL solutions). 

 

Two common kinetic adsorption models are often applied to fit experimental data in order to 

identify the controlling mechanism of the adsorption process. One of these is the pseudo-first-

order model, primarily governed by a physical adsorption mechanism[231, 232]. Its linear 

equation is given as Equation (4-3): 

𝑙𝑛(𝑞𝑒 − 𝑞𝑡) = −𝐾1𝑡 + 𝑙𝑛𝑞𝑒 

                                                                                                                                               

(4-3) 

where qe (mg/g) represents the adsorption amount at equilibrium, while qt is the adsorption 

amount at time t, and K1(min−1) is the kinetic adsorption rate constant in the pseudo-first-order 

model. The parameters K1 and qe are determined by linearly fitting ln(qe−qt) against t. 

 

The other model is a pseudo-second-order model dominated by a chemical mechanism[97, 

232], and is represented by Equation (4-4): 

𝑡
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where the qe and qt are defined as in Eq. (1). K2 (g/(mg·min)) is the kinetic adsorption rate 

constant of the pseudo-second-order model. The second-order rate constants K2 and qe are 

determined via the linear fitting of t/qt to t. 

 

As listed in Table 4-2 and shown in Figure S4-5 to Figure S4-8, for RB5 adsorption on 

PLys/Glu Gel 1, R1
2= 0.912 is greater than R2

2= 0.328; similarly, for PLys/Glu Gel 2, R1
2= 

0.839 exceeds R2
2= 0.691. This suggests that RB5 adsorption onto PLys/Glu Gels aligns more 

closely with the first-order kinetic model, indicating that the adsorption is primarily a physical 

process governed by electrostatic interactions between protonated amine groups and negatively 

charged RB5 anions. The constant K1 in the pseudo-first-order model represents the rate 

constant of adsorption, reflecting the speed at which equilibrium is reached. For PLys/Glu Gel 

1, K1 is 0.0104 min−1, nearly identical to that of PLys/Glu Gel 2, indicating that their 

equilibrium times are similar, as confirmed by the 6-hour equilibrium time shown in Figure 4-

17. 

 

Table 4-2 The key kinetic parameters of first- and second-pseudo-order model for RB5 

adsorption on PLys/Glu Gels (qe,exp means adsorbed RB5 at equilibrium in the experiments,  

qe,cal is predicted RB5 adsorption capacity at equilibrium according to the model fittin 

Samples 
C0 

(mg/L) 

qe,exp 

(mg/g) 
pseudo-first-order model pseudo-second-order model 

    
K1  

(min-1) 
qe,cal (mg/g) R1

2 
K2 

[g/(mg*min)] 

qe,cal 

(mg/g) 
R2

2 

PLys/Glu Gel 

1 
25 110.2 0.0104 175.8 0.912 5.416*10-6 270.3 0.328 

PLys/Glu Gel 

2 
25 54.5 0.0108 93.9 0.839 8.132*10-5 66.7  0.691 

 

From Figure 4-18, PLys/Gen Gel (III) and (II) adsorbed RB5 ions following the previously 

described “fast-slow-fast-slow” pattern. The adsorbed RB5 amount increased rapidly to 144±
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11 mg/g at 80 minutes, reaching 72.7% of the maximum equilibrium value. The adsorption rate 

then slowed until 220 minutes, after which a relatively fast adsorption phase occurred, with 

RB5 capacity rising from 159±6 mg/g to 193±6 mg/g. The rate slowed once again, eventually 

reaching equilibrium at 360 minutes with the highest RB5 adsorption value of 198±4 mg/g. 

For PLys/Gen Gel (II), maybe due to a lower number of free amine groups on the surface, the 

initial RB5 adsorption rate was fast in the first 10 minutes, with the adsorbed amount reaching 

~16.1% of its equilibrium value (75.7±4 mg/g). The adsorption rate then slowed until 300 

minutes, followed by a brief faster stage over the next 60 minutes before reaching equilibrium. 

While for PLy/Gen (I), the adsorption behaviour differed, which can be described as “slow-

fast-slow” mode. It adsorbed RB5 at a relatively slow rate during the initial 50 minutes, 

followed by a faster adsorption phase over the next 20 minutes and then the adsorption rate 

slowed again before reaching equilibrium at 100 min with a maximum RB5 adsorption capacity 

of 29.2±3 mg/g. 

 

Figure 4-18 The effects of contact time on the adsorption capacity of PLys/Gen Gels for RB5 

(initial concentration of RB5 30 ppm, 0.5 g PLys/Glu Gel (in swollen equilibrium state) in 

200 mL solutions). 

For PLys/Gen Gels with abundant free amine groups, the RB5 adsorption process followed a 

“fast-slow-fast-slow” pattern, similar to that observed in PLys/Glu Gels. However, as the 
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genipin content increased—reducing the number of free amine groups—the duration of the 

initial “fast” phase shortened, accompanied by a decrease in the amount of RB5 adsorbed. With 

further increases in genipin content, the hydrogel structure became more compact and primary 

amine sites became occupied, providing fewer active adsorption sites. This led to a reduction 

in the initial surface adsorption rate and a slower overall adsorption process, causing the initial 

“fast” adsorption stage to disappear. Despite this, the second “fast” phase remained, 

representing accelerated adsorption controlled by the interior amine groups of the hydrogel as 

they continued to capture RB5 ions. 

 

Table 4-3 The key kinetic parameters of first- and second-pseudo-order model for RB5 

adsorption on PLys/Gen Gels (qe,exp means adsorbed RB5 at equilibrium in the experiments,  

qe,cal is predicted RB5 adsorption capacity at equilibrium according to the model fitting). 

Samples 
C0 

(mg/L) 

qe,exp 

(mg/g) 
pseudo-first-order model pseudo-second-order model 

    
K1  

(min-1) 
qe,cal (mg/g) R1

2 
K2 

[g/(mg*min)] 

qe,cal 

(mg/g) 
R2

2 

PLys/Gen Gen (I) 30 29.2 0.020  21.1 0.929  3.43*10-4 36.9 0.890  

PLys/Gen Gen (II) 30 75.7 0.012 166.6 0.640  3.09*10-5 107.5  0.638 

PLys/Gen Gen 

(III) 
30 197.9 0.014 260.1  0.888 3.10*10-5 263.2 0.861 

 

As recorded in Table 4-3 and Figure S4-9 to Figure S4-14, for RB5 adsorption on all PLys/Gen 

Gels the values of R1
2 are greater than those of R2

2, indicating that the first-order kinetic model 

provides a better fit for RB5 adsorption. This suggests that the adsorption process is 

predominantly physical, driven by electrostatic interactions between protonated amine groups 

and the negatively charged RB5 ions. For PLys/Gen Gel (I), K1 in the first-order kinetic model 

is 0.020 min−1, greater than that of PLys/Gen Gel (II) and (III), which corresponds to the fact 

that PLys reached equilibrium in 70 min, while the equilibrium times of PLys/Gen Gel (II) and 

(III) were longer (360 min). 
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Figure 4-19 illustrates partial PLys-based hydrogels immersed in DI water before and after 

RB5 adsorption. For PLys/Glu Gels (Figure 3-19 (a)), the hydrogels changed from dark orange 

to dark blue after adsorbing RB5 molecules. In contrast, PLys/Gen Gels (Figure 3-19 (b)), 

which initially appeared dark blue due to genipin, showed no significant colour change 

following RB5 adsorption. The solutions of both hydrogels after adsorption appeared a very 

pale blue, likely due to trace amounts of RB5 desorbing from the hydrogel surface to the DI 

water. 

 

Figure 4-19 PLys-based hydrogels before and after RB5 adsorption ((a): PLys/Glu Gel 1, (b): 

PLys/Gen Gel (III)). 

 

4.3.8 Effect of RB5 concentration on adsorption on PLys-based hydrogels 

 

To study the effect of initial RB5 concentration on the adsorption behaviour of PLys-based 

hydrogels, a series of experiments were conducted as described in Section 4.2.5. From a 

mechanistic perspective, these experiments are the basis for fabrication of adsorption isotherm 

model which favours deepening understanding of adsorption behaviour. From a programmatic 

standpoint, to optimise dyes removal process from sewage, figuring out the concentration range 

at which adsorbents show superior performance is essential. Through analysis of model fit 

result and parameters, mechanisms underlying RB5 adsorption by two PLys-based hydrogels 

can be explored and their adsorption performance at low and high concentration can be 
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compared to determine the optimised conditions corresponding to highest adsorption capacity. 

In the contact time experiments for RB5 adsorption, most PLys-based hydrogels reached 

equilibrium within 6 hours. For consistency in subsequent operations, the adsorption time in 

this section was also set to 6 hours. 

 

Figure 4-20 illustrates the effect of initial RB5 anion concentration on the adsorption capacity 

of PLys/Glu Gels, with data suitable for fitting to an adsorption isotherm model. For both 

PLys/Glu Gels, at initial RB5 concentrations below 200 ppm, the saturated adsorption capacity 

increased almost linearly with the rise in RB5 concentration. However, when the initial ion 

concentration exceeded 200 ppm, the saturated adsorption capacity plateaued, showing no 

further increase. The maximum RB5 adsorption of PLys/Glu Gel 1 and 2 was 430±8 mg/g and 

190±6 mg/g, respectively. 

 

 

Figure 4-20 The effects of RB5 initial concentration on adsorption capacity of PLys/Glu Gels 

(pH= 5.5, contact time 6 h, 0.1g adsorbent (in swollen equilibrium) in 40 mL solutions). 

At lower RB5 concentrations (<200 ppm), sufficient active adsorption sites are available on 

the hydrogel to bind with a greater concentration of dye molecules. As the RB5 concentration 

increases, more of these sites are occupied, resulting in a nearly linear increase in adsorption 
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capacity. However, once the RB5 concentration surpasses 200 ppm, the majority of active sites 

on the PLys/Glu Gels become saturated, and the adsorbent reaches its maximum capacity. 

Beyond this point, adding more dye does not lead to further adsorption, as no additional sites 

are available for binding, causing the adsorption capacity to plateau. Once the hydrogel 

structure is established, a lower Glu content, allowing for existence of more free amine 

functional groups, enhances RB5 adsorption capacity by providing additional active sites for 

binding. 

 

There are also two typical isotherms to explain the adsorption mechanism. One is the Langmuir 

isotherm, the other is Freundlich isotherm. The Langmuir isotherm is suitable for the 

explanation of adsorption mechanism of many adsorbents and the linear equation (Equation 4-

5) of it is listed below[233, 234]: 

𝐶𝑒

𝑞𝑒
=

𝐶𝑒

𝑞𝑚
+

1

𝑏𝑞𝑚
 

                                                                       (4-5) 

                                                                                              

where Ce (mg/L) represents the amount of adsorbed substances in the solution at adsorption 

equilibrium, qi (mg/g) represents the equilibrium capacity of the adsorbent, qm (mg/g) is the 

maximum adsorption capacity of the adsorbent, and b (L/mg) is the Langmuir isotherm 

constant. qm and b are calculated by the linear fitting of Ce/qe to Ce. 

 

In addition, the Freundlich isotherm is frequently applied in heterogeneous adsorption systems 

and its linear equation (Equation 4-6) is shown as below[105, 106]: 

𝑙𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝑘𝑓 +
𝑙𝑜𝑔𝐶𝑒

𝑛
 

                                                                                                               

(4-6) 

where qe and Ce are equal to Equation (4-5), kf (mg1-n∙g-1∙L-n) is the constant depicting 

adsorption capacity and n is the constant describing the adsorption intensity. The value of n 

generally ranges from 2 to 3, and n > 1 is favourable to adsorption, n = 1 is linear adsorption, 



116 

 

n < 1 is detrimental to adsorption. The kf and n values are determined by the linear plot of log 

qe to log Ce. 

 

Table 4-4 Langmuir and Freundlich isotherm constants and values of R2 for the adsorption of 

RB5 by PLys/Glu Gels. 

Samples Langmuir parameters Freundlish parameters 

  
b 

(L/mg) 
qm (mg/g) R2 Kf (L/g) n R2 

PLys/Glu Gel 1 0.048 454.5 0.997 34.4 3.24 0.929 

PLys/Glu Gel 2 0.042 200.0 0.992 78.8 3.27 0.868 

 

Table 4-4 presents Langmuir and Freundlich isotherm constants along with values of R2. Based 

on the fitting results, all the R2 values from the Freundlich model are lower than those from the 

Langmuir model, so the Langmuir isotherm provides a better fit to the experimental data than 

the Freundlich isotherm. In addition, most of the qm values predicted by the Langmuir model 

are close to the experimental data (Table 4-4 and Figure S4-15 to Figure S4-18). Therefore, 

adsorption process for RB5 ions on PLys/Glu Gels can be better interpreted by Langmuir 

isotherm model. Although R2 values of Freundlich model are slightly lower, the n values of 

Freundlich model are all larger than 1, showing that these adsorption processes are favourable. 
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Figure 4-21  The effects of RB5 initial concentration on adsorption capacity of PLys/Gen 

Gels (pH= 5.5, contact time 6 h, 0.1g adsorbent (in swollen equilibrium) in 40 mL solutions). 

 

As shown in Figure 4-21, the RB5 adsorption capacities of PLys/Gen Gels were ranked 

consistently across whole range of initial RB5 concentrations as follows: PLys/Gen Gel (III) > 

Gel (II) > Gel (I), corresponding to the PLys content in each gel. As the initial RB5 

concentration increased from 30 to 200 ppm, the amount of RB5 adsorbed per gram of oven-

dried hydrogel increased by approximately 193% for Gel (III), 337% for Gel (II), and 307% 

for Gel (I). However, as the concentration rose further, all three gels reached their maximum 

adsorption capacities: 590±4 mg/g for Gel (III), 328±2 mg/g for Gel (II), and 118±1 mg/g for 

Gel (I). 

 

The explanation for how the initial concentration of RB5 affects the RB5 adsorption capacity 

of PLys/Glu Gels also applies to PLys/Gen Gels. At lower RB5 concentrations, ample active 

adsorption sites are available on the hydrogel, allowing for increased adsorption as 

concentration rises. As the RB5 concentration increases, these sites become progressively 

occupied until saturation is reached, where additional dye does not enhance adsorption capacity. 

Hence, adsorption capacity levels off at higher concentrations. 
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Table 4-5 Langmuir and Freundlich isotherm constants and values of R2 for the adsorption of 

RB5 by PLys/Gen Gels. 

Samples Langmuir parameters   Freundlish parameters 

  

b 

(L/mg) 

qm  

(mg/g) R2 

Kf 

(L/g) n R2 

PLys/Gen Gel (I) 0.021 129.9 0.982 13.7 2.68 0.730 

PLys/Gen Gel (II) 0.025 370.4 0.987 34.8 2.46 0.763 

PLys/Gen Gel (III) 0.066 625.0 0.999 137.8 3.83 0.946 

For all PLys/Gen Gels, the fitting results indicate that the Langmuir model better describes the 

RB5 adsorption process than the Freundlich model, as the Langmuir model fitting results 

consistently show higher reliability (Table 4-5 and Figure S4-19 to Figure S4-24). This suggests 

that RB5 molecules form a monolayer rather than multiple layers on the surfaces of PLys/Gen 

Gels, similar to the adsorption characteristics of RB5 observed in PLys/Glu Gels. In other 

words, each adsorption site on the PLys-based hydrogels can accommodate only one RB5 

molecule, and once a site is occupied, no additional RB5 adsorption can occur at that site. 

 

4.3.9 Recovery of RB5 on PLys/Glu hydrogels 

 

PLys/Glu Gel 1 after RB5 adsorption in the experiment which studied the effect of contact time 

on the adsorption at pH 5.5 was selected to do four times adsorption-desorption cycles. At pH 

12, amine groups (-NH3⁺) on the hydrogels become deprotonated to their neutral -NH2 form, 

decreasing the electrostatic attraction with negatively charged RB5 ions[235]. RB5 are less 

tightly bound to the adsorbent and can be released back into the solution, facilitating desorption. 

 

The results of the circulation experiments, recorded in Table 4-6, indicate that after the 

desorption process, the amount of RB5 adsorbed by PLys/Glu Gel 1 decreased to 

approximately 35 mg/g. Not all RB5 molecules were removed, as some might be firmly 

embedded within the hydrogel network and could not be easily desorbed, while a small portion 
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was adsorbed by the hydrogel in solution form. After the pH was readjusted to 5.5, the amount 

of RB5 adsorbed during re-adsorption accounted for only ~90% of the previous adsorption 

capacity. Overall, PLys/Glu Gel demonstrated good reusability for RB5 removal and recovery, 

maintaining relatively stable adsorption performance over multiple cycles. 

 

Table 4-6 Adsorption amounts of RB 5 on PLys/Glu Gel 1 from four adsorption–desorption 

cycles. 

Cycle 

number 

Amount of dyes 

adsorbed (mg/g) 

  pH=5.5 pH=12 

1 109.3 35.4 

2 102.6 36.6 

3 98.6 34.1  

4 93.7 35.5 

 

4.4. Conclusion 

 

Two types of PLys-based hydrogel, PLys/Glu Gels and PLys/Gen Gels were synthesised via 

mixing varying proportions of crosslinkers, Glu and genipin, into PLys solutions, respectively. 

Permanently chemically crosslinked hydrogels were observed for PLy/Glu Gels and PLys/Gen 

Gels. As the crosslinker content increased, the swelling rate of the hydrogels decreased, while 

both the storage modulus (G') and loss modulus (G'') increased. This suggests that a higher 

concentration of crosslinker creates a more compact network structure, reducing the hydrogel’s 

ability to swell but significantly enhancing its mechanical strength and stability. 

 

The adsorption of RB5 onto the two types of PLys-based hydrogels, PLys/Glu Gels and 

PLys/Gen Gels, was investigated. Maximum adsorption occurred at pH 4. Protonation of RB5’s 

amine groups below this pH or deprotonation of PLys’s amine groups at higher pH values 

weakened the electrostatic interactions between the hydrogels and RB5 ions. 
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PLys/Glu Gels exhibited a “fast-slow-fast-slow” adsorption pattern before reaching 

equilibrium at 6 hours. There are two possible factors for explain the appearance of the second 

"fast" stage: one is after the first “slow” adsorption phase, during which RB5 solution 

penetrates the inner parts of the hydrogel, the amine groups within the hydrogel began to 

rapidly capture RB5 molecules; the other is under mechanical stirring, the hydrogels broke into 

smaller pieces, increasing the contact area with RB5, leading to accelerated adsorption 

behaviour.  

 

For PLys/Gen Gels, hydrogels with relatively high PLys content (mass ratio of PLys/genipin = 

20:1, Gel (III), and 15:1, Gel (II)) followed a similar adsorption pattern and reached equilibrium 

at 6 hours. However, as the genipin content increased, the first “fast” stage became shorter (as 

in Gel (II)) or disappeared entirely (as in Gel (I), with a mass ratio of PLys/genipin = 5:1). The 

increased genipin content resulted in a more compact hydrogel structure with fewer active 

adsorption sites. This compaction reduced the adsorption rate on the initial surface of hydrogels. 

 

The RB5 adsorption kinetics on all PLys-based hydrogels were well described by the pseudo-

first-order model, while the adsorption isotherm data aligned closely with the Langmuir model. 

This indicates that the adsorption process was physical and involved monolayer adsorption. A 

lower crosslinker content, resulting in more free active amine groups in the hydrogels, 

significantly enhanced RB5 adsorption. Within the tested mass ratio range of PLys to 

crosslinker, hydrogels with the lowest crosslinker content exhibited the highest RB5 adsorption 

capacity. 

 

For PLys/Glu Gels, PLys/Glu Gel 1 demonstrated the highest RB5 adsorption capacity at 430

±8 mg/g, while for PLys/Gen Gels, PLys/Gen Gel (III) achieved the highest capacity at 590±

4 mg/g. Additionally, PLys/Glu Gel could be reused up to four cycles, albeit with some 

reduction in adsorption capacity. This study highlights the potential of PLys/Glu Gel and 

PLys/Gen Gel as bioadsorbents for the effective removal of RB5 dye from wastewater, offering 



121 

 

an environmentally friendly solution for dye pollution management. 
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Chapter 5 Genipin-Crosslinked Polylysine Hydrogels for the Controlled 

Release of DIC 

5.1. Introduction 

 

PLys has a range of chemical properties that give it significant potential for biomedical 

applications including use in drug delivery[236], gene delivery[50], and biosensing[237]. 

Because of its hydrophilicity, PLys can effectively interact with cells or biomolecules in 

biological environments, overcoming extracellular barriers to allow cellular internalisation, 

which is fundamental for its use as a drug or gene delivery vehicle[238, 239]. Side chain 

primary amine groups are protonated under physiological conditions and thus interact 

electrostatically with cells or other negatively charged biomolecules, such as DNA or RNA, 

facilitating intracellular delivery[240, 241]. The synthesis of PLys by ROP is controlled, 

enabling a variety of polymer chain lengths and architectures to be created[26]. PLys 

nanoparticles have been reported that enable extended drug circulation time and improved drug 

efficacy in vivo[242]. PLys can adopt different conformations depending on the solution pH or 

its concentration in the solution, which is crucial for its use in biosensors and intelligent 

materials[243].  

 

PLys has shown potential in controlled drug delivery applications[244, 245]. For instance, the  

direct conjugation between drug and PLys or modified PLys derivatives is a way to employ 

PLys as a drug carrier[239, 246]. It has been shown that carbodiimide-catalysed conjugation of 

PLys and human serum albumin or horseradish-paroxidase can effectively promote cellular 

uptake of both proteins[247]. A liver-targeting conjugate was formed by coupling Ribavirin (l-

β-D-Ribofuranosyl-1,2,4-triazole-3-carboxamide) (RIBV) to lactosaminated PLys[248]. This 

conjugate can be selectively taken up by the liver after intramuscular administration in mice, 

reducing the risk of anemia and allowing for higher drug concentrations in hepatocytes. The 

product of the conjugation of PLys-citramide with a pseudopeptide has been shown to exhibit 

activity against HIV protease[249]. As a raw material for drug carriers, PLys can be modified 
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to reduce clearance from the circulatory system, thereby prolonging drug circulation time and 

enhancing its effectiveness[239]. For example, PEG-grafted PLys can improve biodistribution 

by controlling the size and surface charge, thereby achieving high stability, high accumulation 

of the complex in targeted organs[17]. PLys also has the ability to prevent the degradation of 

encapsulated drugs[18]. PLys nanoparticle has been reported to encapsulate a bovine serum 

albumin (BSA) by mixing Plys and BSA solutions together, and higher PLys content 

contributes to better encapsulation, protecting BSA from the degradation by protease[250]. 

 

PLys therefore has great potential for use within a biomedical context, and possibly beyond. 

However, PLys synthesis is commonly done via NCA ROP in which the NCA is produced using 

in the presence of phosgene [251, 252]. The safety of this process may be improved by using 

triphosgene as a source of phosgene. Triphosgene is a crystalline solid at room temperature and 

pressure that decomposes at ~150 ℃ to release phosgene. In this way the phosgene generated 

remains within the fume cupboard at all times, but it remains a potential threat to the health, 

causing irreparable damage to lungs and respiratory system and so its use is undesirable.[253] 

Additionally, organic solvents such as THF are conventionally used to produce the NCA in a 

reaction in which the starting amino acid in insoluble, but the NCA product conveniently is 

soluble. This enables the end of the reaction to be easily determined. Ideally, PLys synthesis 

will be done in the absence of toxic reactants and organic solvents during monomer synthesis. 

Phosgene-free routes to NCA synthesis have been reported recently. Guillaume et al. reported 

a mild, non-acidic process for synthesising α-amino acid NCAs from N-Boc-protected α-amino 

acid derivatives utilising n-propanephosphonic acid anhydride (T3P) as an activating 

reagent[30]. A range of NCAs with high yield and purity can be obtained via this method, but 

limitations exist, for instance the required use of N-Boc protected α-amino acid derivatives 

which increases the cost of the amino acid starting material, and consequently NCA synthesis 

overall.  

 

An alternative strategy to PLys synthesis via ROP is to replace the NCA with a different cyclic 

structure that is formed from amino acid starting materials. DKPs, are rigid six membered 
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heterocyclic rings that consists of two amide linkages between two amino acids. They feature 

cis-amide bonds, with the nitrogen atoms and carbonyl groups positioned on opposite sides of 

the ring[31]. The most common approach for synthesising DKPs involves dipeptide formation 

followed by intramolecular cyclization[31]. This process typically requires esterification at the 

carboxyl terminus and substitution at the amino terminus of the dipeptide. Upon deprotection 

of the amino group, the molecule can spontaneously cyclise to form the DKP ring. To reduce 

the risk of epimerization during synthesis, careful selection of reagents and reaction conditions 

is essential[31]. Meanwhile, as an abundant natural material, DKPs may be produced from the 

degradation of polypeptides or by the direct condensation of two amino acids in solvents that 

have elevated boiling points such as glycerol or ethylene glycol at 170℃-180℃[254]. This 

renewable and natural chemical has the potential to replace NCA if it can undergo ROP and is 

created in the absence of harmful and costly organic solvents and coupling agents. Research 

on the ROP of DKP is limited, but annular diesters such as glycolide and lactides have both 

been reported to undergo ROP in different kinds of catalytic system[34, 255-257]. The 

structural difference between DKPs and glycolide is that the DKP contains a nitrogen atom as 

part of the amide bond, as opposed to the oxygen atom of the ester bonds that feature in 

glycolide. Nevertheless, successful glycolide ROP provides optimism for successful DKP ROP. 

Catalyst stannous octoate (Sn(Oct)2) was reported to facilitate ROP of lactide, but further 

efforts are required to enhance the reaction rate to improve its efficiency for practical 

applications. Nonstoichiometric acid−base organocatalyst has been used to promote the ROP 

of L-lactide[34]. The catalyst was made up of one equivalent of 4-(dimethylamino)-pyridine 

(DMAP) and two equivalents of MSA, and these two components collaboratively attack the 

carbonyl groups. Consequently, MSA and another strong, non-nucleophilic base, DIPEA were 

selected as catalysts to facilitate the ROP of Lys(cbz) DKP. 

 

Crosslinked PLys enables the production of stimuli-responsive PLys-based hydrogels, 

broadening its applications as a drug delivery platform. This occurs because PLys is water-

soluble, PLys dissolution is not possible if the polymer chains are linked either covalently or 

physically. In both instances the PLys swells, as opposed to dissolving, forming chemical 
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(covalent crosslinks) or physical (non-covalent crosslinks) hydrogels. An obvious 

characteristic of PLys-based hydrogels is their pH-dependent swelling behaviour, due to the 

presence of amine groups. At acidic pH, the gel swells as a result of ionic repulsion between 

protonated amino groups and increased polymer-water interactions, while at higher pH values 

it collapses due to the removal of charge from the polymer[246]. Site-specific controlled drug 

delivery using these hydrogels can enhance therapeutic outcomes while minimising negative 

side effects[258]. PLys modified with hyaluronic acid (HA) and nogo-66 receptor antibody 

(antiNgR) has shown promoted recovery from central nervous system injuries[91]. Ionic 

strength/pH/enzyme triple-responsive hydrogels were prepared through a coupling reaction 

between carboxyl and amine groups, facilitated by 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide · HCl (EDC · HCl), Hydrogels loaded with two model drugs, doxorubicin 

hydrochloride (DOX ·HCl), a positively charged anti-cancer drug, and DIC, a negatively 

charged anti-inflammatory drug, exhibited accelerated and complete drug release, along with 

full enzymatic degradation of PLys in the presence of trypsin[258]. PLys and sodium alginate 

physically crosslinked by calcium ions can form a hydrogel capable of immobilising 

maintaining anthocyanin. Increasing the PLys content in the hydrogel made it softer without 

affecting the drug release efficiency[259]. Chen's group designed a multi-layer, shell-stacked 

drug delivery carrier[260]. The outer layer consisted of 2,3-dimethylmaleic anhydride 

(DMMA)-modified PEG-b-PLys, the middle layer was a disulfide crosslinked PLys network, 

and the inner core contained the encapsulated DOX. After intentionally reducing the ratio of 

outer layer to middle layer, the size of the drug delivery system decreased from 140 nm to 40 

nm, and the surface charge shifted from negative to positive, making it more conducive to the 

aggregation and penetration of target tumour cells. The network structure of the intermediate 

layer effectively prevents the premature release of drugs, ensuring controlled delivery to the 

desired site. 

 

5.2 Research Aims 
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The aim of our research is divided into two parts: 

One is using a greener DKP ROP synthesis to prepare PLys from Lys(cbz)-DKP, with MSA 

and DIPEA serving as catalysts. 

 

The other is using PLys to fabricate PLys-based hydrogels for drug encapsulation, and 

subsequent controlled release. Genipin was chosen as the crosslinker for this process as it is a 

natural compound extracted from the fruit gardenia that has reduced toxicity compared to other 

Schiff-base crosslinkers. Genipin is thus widely used in biomedical applications owing to its 

favourable biocompatibility[216, 261]. Due to its analgesic, anti-inflammatory, and antipyretic 

effects, DIC, a well-established nonsteroidal anti-inflammatory drug (NSAID) that is a popular 

choice for managing acute pain and inflammation effectively[262, 263]. DIC has relatively 

short half-life in the body and functions by inhibiting prostaglandin synthesis, achieved through 

the inhibition of cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2)[262, 263]. DIC 

was selected as the model drug to be encapsulated within the hydrogels featured in this chapter. 

The hydrogel system is designed to steadily release DIC in the intestinal environment, thereby 

extending its therapeutic time in the human body. 

 

5.3 Experimental 

 

5.3.1 Preparation of Lys(cbz)DKP 

 

H-Lys(cbz)-OH (5 g, 24.0 mmol) was combined with glycerol (36 mL) and heated at 175 ℃ 

for 24 hours. After cooling to room temperature, the reaction mixture was poured into a mixture 

of acetone and water (30 mL/25 mL), resulting in the formation of a precipitate. The pale-

yellow solid was collected by vacuum filtration and washed three times with acetone/water (30 

mL/25 mL). The product, referred to as Lys(cbz)DKP, was obtained after drying under vacuum. 

1H NMR (400 MHz, DMSO-d6, ppm): δ 8.33-8.01 (s, 2H, NH), 7.65-7.00 (m, 10H, aromatic), 

5.10-4.91 (s, 4H, OCH2), 3.89-3.70 (br, 2H, COCH), 3.05-2.87 (dd, 4H, NCH2), 1.79-1.15 (m, 
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12H, CH2CH2CH2). Yield: 65.5%. 

 

5.3.2 Preparation of PLys(cbz) 

 

Lys(cbz)DKP and methanesulfonic acid (MSA) (Molar ratio= 25:1) were added to a round-

bottom flask with reflux column under nitrogen atmosphere. N,N-dimethylformamide (DMF) 

was then added, and the temperature was raised to 140 ℃. Hexylamine (Molar ratio of 

hexylamine/Lys(cbz)= 1:80) was injected into the solution, and the reaction mixture was stirred 

for 2 days. The solution was then cooled to room temperature before DIPEA (Molar ratio of 

Lys(cbz)DKP/DIPEA= 15:1) was added. The temperature was again increased to 140 ℃ and 

the reaction maintained for an additional 4 days. After cooling the reaction mixture to room 

temperature, the white solid product was obtained by precipitation in ice-cold diethyl ether. 

The polymer produced (PLys(cbz)) was washed several times with diethyl ether and then dried 

in the vacuum oven at 55 °C overnight. 1H NMR (400 MHz, DMSO-d6, ppm): δ 8.14-8.03 (s, 

1H, NH), 7.41-7.07 (m, 5H, aromatic), 5.11-4.85 (s, 2H, OCH2), 3.89-3.70 (br, 1H, COCH), 

3.06-2.87 (dd, 2H, NCH2), 1.80-1.14 (m, 6H, CH2CH2CH2), 0.89-0.79 (t, 3H, CH3). Yield: 

65.0%. 

 

5.3.3 Preparation of PLys 

 

0.4 g of PLys(cbz) was dissolved in 8 mL of trifluoroacetic acid (TFA), and then 2 mL of a 33% 

HBr/AcOH solution was added to the mixture to remove the carboxybenzyl protecting groups. 

The reaction was allowed to proceed for 1 day. The crude product was precipitated in ice-

cooled diethyl ether, collected by centrifugation and then dissolved in the DI water. The 

resulting mixture was dialyzed against deionized water for 2 days, after which the liquid inside 

the dialysis tube was frozen using liquid nitrogen. The product (PLys) was collected by freeze-

drying. 1H NMR (400 MHz, DMSO-d6, ppm): δ, 1.81-1.05 (m, 6H, CH2CH2CH2), 0.89-0.79 

(t, 3H, CH3). Yield:78.2%. 
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5.3.4 Preparation of PLys/Gen hydrogels 

 

Approximately 100 mg of PLys and the crosslinker genipin were dissolved in 0.2 mL of 

deionized water. Gels were formed by placing the mixture at 50 °C for 1 day. The weight ratios 

of PLys to genepin were set at 5:1, 10:1, 15:1, 20:1, and 25:1. The resulting gels were named 

Plys/Gen Gel 1 to 5, respectively, in order of decreasing crosslinker content. 

 

5.3.5 Swelling behaviour of PLys/Gen hydrogels 

 

All the hydrogels prepared in step 4.3.4 were immersed in 10 mL of phosphate buffer solution 

(PBS) at room temperature (RT). The amount of water absorbed by the hydrogels was 

determined by weighing them at various time intervals. Each data point was measured at least 

three times. 

 

5.3.6 Loading and in vitro release of diclofenac sodium salt 

 

For the DIC loading experiment, all hydrogels obtained from step 4.3.4 were thoroughly 

washed multiple times with deionized (DI) water until the washing solution became colourless 

and transparent. This step was performed to ensure the removal of unreacted genipin, which 

could interfere with DIC detection by UV spectroscopy. After washing, the hydrogels were 

placed in liquid nitrogen and freeze-dried. Next, 20 mg of pure PLys/Gen gels were added to 

200 mL of DIC solution with a concentration of 5 ppm at room temperature (RT). The types of 

hydrogels and pH values varied based on different conditions. 

 

To investigate the effect of pH, PLys/Gen Gel 5 was immersed in DIC solutions at pH levels 

of 1.7, 5.5, and 7.4, respectively. The pH of the DIC solutions was adjusted using 0.1 M HCl, 

DI water, and PBS buffer. To study the effect of the crosslinker concentration (genipin), 

PLys/Gen Gels 1, 3, 4, and 5 were selected for the DIC loading experiment at a pH of 1.7 (Table 
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3.4). 

 

In the DIC release experiment, selected types of PLys/Gen gels from the DIC loading 

experiment were collected via filtration, sealed in dialysis tubes, and immersed in 200 mL of 

PBS buffer under magnetic stirring at 37 °C. The experiment continued until the concentration 

of DIC in the solution outside the dialysis tubes reached equilibrium. The DIC concentration 

in the external solution was measured using UV-Vis spectroscopy. The stirring speed was 

maintained at 100 rpm. The selected PLys/Gen gels included PLys/Gen Gel 3 (pH 1.7), 

PLys/Gen Gel 4 (pH 1.7), PLys/Gen Gel 5 (pH 1.7), PLys/Gen Gel 5 (pH 5.5) and Plys/Gen 

Gel 5 (pH 7.4). 

 

All DIC loading and release experiments were conducted in triplicate. 

 

5.4 Results and Discussion 

 

5.4.1 The Synthesis and Characterisation of Lys(cbz)DKP 

 

DKP ROP was carried out as an alternative to NCA ROP for PLys synthesis. This avoids the 

use of triphosgene, which is cost-ineffective and lethal. Such factors likely hinder the everyday 

application of NCA ROP. DKP ROP may overcome both of these issues, with polymer 

synthesis possible in three steps: 1) Lys(cbz)DKP synthesis, 2) Lys(cbz)DKP polymerisation, 

and 3) PLys(cbz) acid deprotection to yield PLys. 

 

Preparation of pure Lys(cbz)DKP is crucial to ensure successful polymerisation of the six-

membered ring. Lys(cbz)DKP was obtained as an off-white powder, and its successful 

synthesis confirmed by 1H NMR spectroscopy (Figure 5-1). The peaks observed in the 

spectrum, with their chemical shifts and integrals, are consistent with literature value[264]: 

peak 'a' corresponds to the COCH proton in the six-membered ring; peaks 'b', 'c', and 'd' 
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represent the CH2 groups of the Lys side chain; peak 'e' is assigned to the CH2 groups adjacent 

to the amide group; peak 'f' corresponds to the NH group of the side chain; peak 'g' represents 

the OCH2 groups; and peak 'h' is associated with the aromatic groups at the end. 

 

 

Figure 5-1 1H NMR spectrum of Lys(cbz)DKP recorded at 400 MHz using DMSO-d6 as the 

solvent. 

 

FTIR spectroscopy further confirmed the successful synthesis of Lys(cbz)DKP (Figure 5-2). 

The spectrum shows a peak at 3328 cm-1, representing a hydrogen-bonded N-H stretch; a peak 

at 3059 cm-1, corresponding to an aromatic C-H stretch; a peak at 2937 cm-1, indicating an alkyl 

C-H stretch; and a peak at 1667 cm-1, attributed to a C=O amide stretch, confirming the 

condensation of two units of Lys(cbz)-OH. This is evident when compared to the FTIR 

spectrum of Lys(cbz)-OH where no peak was detected at this position, indicating the formation 

of the amide bond[212]. For PLys(cbz), in addition to the band at 1667 cm-1, another peak is 

observed at 1603 cm-1, which is assigned to an amide-related vibration of the carbonyl group 

adjacent to the hexyl amine side chain. A similar feature is also observed in PLys. The peak at 
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1480 cm-1 is attributed to alkyl C-H bending vibrations. The peak at 738 cm-1, associated with 

a phenyl C-H bend.  

 

 

Figure 5-2 FTIR spectra of Lys(cbz)DKP, PLys(cbz) and PLys. 

 

LC-MS is an effective tool to verify the synthesised compounds, as it directly provides the 

difference in mass, enabling precise identification of the molecular structure. As shown in the 

LC-MS spectrum (Figure S5-1), the molecular weight (Mw) of compounds 2-6 (retention time 

between 0.8 and 1.0 minutes) was approximately 524.2 g/mol, which matches the Mw of 

Lys(cbz)DKP rather than the 542.6 g/mol expected for Lys(cbz)-dipeptide. This indicates that 

two units of H-Lys(cbz)-OH condensed to form a six-membered ring compound (Lys(cbz)DKP) 

with the loss of two H2O molecules, as opposed to the dipeptide forming with the loss of a 

single water molecule.  
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Following analysis, it was determined that the other peaks reported were due to impurities 

present on the LC column, with the exception to the peak corresponding to a molecular weight 

of 1048.72 g/mol. It is hypothesised that this peak is due to the non-covalent formation and 

elution of dimers owing to extensive hydrogen bonding between Lys(cbz) DKP groups. This 

has been observed for the DKPs of alanine, phenylalanine, and glycine[265], and confirmed by 

accurate mass analysis where the peak corresponding to double the expected molecular weight 

was not found in each case.  

 

5.4.2 The Synthesis and Characterisation of PLys(cbz) and PLys 

 

The synthesis of PLys(cbz) was then attempted from the Lys(cbz) DKP successfully produced 

(Scheme 5-1). HA was chosen as the initiator because its alkyl chain is easily distinguishable 

in 1H NMR spectroscopy spectra. This is not the case for the commonly used benzylamine 

which possesses an aromatic group with protons that overlap with the protons of the aromatic 

part of the cbz group. Such overlap prohibits the degree of polymerisation to be determined 

with confidence by 1H NMR spectroscopy. Since both Lys(cbz)DKP and hexylamine are 

soluble in DMF, the polymerisation process was straightforward. However, DKP ROP is more 

challenging compared to NCA ROP. In the latter, the most electrophilic carbonyl, located 

opposite the nitrogen atom in the ring, can be easily attacked by a nucleophilic initiator[266]. 

While Lys(cbz)DKP is a highly symmetrical hexagonal ring structure that is more stable than 

the corresponding NCA, and the electrophilicity of the carbonyl is reduced due to the influence 

of the symmetric secondary amide group [267]. Hence, the acid-base organocatalyst MSA and 

DIPEA, along with a high temperature (140 ℃) were used to facilitate DKP ROP. This 

contrasts to NCA ROP, which can readily be successfully conducted in the absence of catalyst 

at room temperature and is the primary drawback of DKP ROP. 
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Scheme 5-1 PLys synthesis using DKP ROP. 

 

There was no significant difference between the FTIR spectra of Lys(cbz)DKP and PLys(cbz) 

as both molecules possess analogous chemical functionality, for instance the presence of amide 

groups. However, a comparison of initiator and repeat unit integrals using 1H NMR 

spectroscopy confirmed the successful synthesis of PLys(cbz) (Figure 5-3). Peak 'n' 

corresponds to the terminal methyl protons and peaks i-m stand for methylene groups of 

hexylamine end, while the other peaks represent characteristic groups of the repeat units and 

are clearly labelled with letters a-h. For example, peak 'a' is attributed to the phenyl groups at 

the end, and peak 'b' corresponds to the OCH2 group. The repeat unit of PLys(cbz) was 

calculated as 38, determined by average values of distinct functional groups within the repeat 

unit. Specifically, after assigning an integral value of 3 to the hexylamine methyl protons, the 

calculation was proceeded as follows: the integral of peak a (191) divided by five (five protons 

in aromatic ring), followed by adding the integrals of peaks c (38) and h (38), and then this 

total was divided by three. 
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Figure 5-3 1H NMR of PLys(cbz) recorded at 400 MHz using DMSO-d6 as the solvent. 

 

To remove the cbz protecting group, a commonly used acid deprotection protocol was 

employed, where 33% HBr/AcOH solution was added to the polymer dissolved in TFA. To 

maintain the sustainability credentials of this method of PLys synthesis, a more 

environmentally acceptable method of side-group deprotection must be sought. However, at 

this stage emphasis was placed on safe, straightforward, and cost-effective monomer 

production, successful monomer polymerisation, and then utilising the PLys formed to create 

useful materials. Complete removal of the cbz groups was confirmed by 1H NMR (Figure 5-4) 

and FTIR (Figure 5-2) analyses. The 1H NMR spectrum showed that the peaks between 7.43-

7.09 ppm, representing the benzyl ring, had disappeared. Additionally, the FTIR spectrum 

showed that the aromatic C-H stretch at 2937 cm⁻¹ and the phenyl C-H bend at 695 cm⁻¹ were 

no longer detectable after the acid deprotection step, showing full deprotection. The repeat unit 

of PLys was calculated to be 35, based on the average values of distinct functional groups 

within the polymer's repeat unit, indicating minimal structural changes before and after acid 
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deprotection. Specifically, after assigning an integral value of 3 to the hexylamine methyl 

protons, the calculation proceeded as follows: the integral of peak g (32), representing the 

proton attached to the tertiary carbon, was added to the integral of peak k (63), divided by two 

(corresponding to the two protons of CH₂ groups bonded to amine groups), and the integral of 

peak i (80), also divided by two (representing two protons from amine groups). The resulting 

sum was then divided by three, yielding the calculated repeat unit value. 

 

 

Figure 5-4 1H NMR of PLys recorded at 400 MHz using DMSO-d6 as the solvent. 

 

Before characterisation, PLys was dialysed against DI water for at least two days with frequent 

water changes to remove any water-soluble impurities. During dialysis, low molecular weight 

PLys, PLys oligomers, deprotected but unreacted DKP, unreacted lysine, and HBr remnant can 

pass through the dialysis tubing, whilst pure PLys with higher molecular weight remains within 

the dialysis tubing that has a molecular weight cut-off of 2,000 g/mol. This loss of the materials 

might explain why the final yield of PLys product was 78.2%. However, such a yield for 
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poly(amino acid) production is positive when compared to typical NCA ROP yields that are 

affected by significant atom loss due to the production of carbon dioxide during NCA ROP. 

Unlike PLys(cbz), PLys was water-soluble, further indicating that the desired product had been 

successfully made.   

 

The MALDI mass spectroscopy spectrum of PLys revealed a molecular weight distribution 

ranging from 2,500 g/mol to 6000 g/mol, with the most prominent signal observed at 

approximately 3,900 m/z (Figure S5-2). This indicated that the majority of PLys synthesised 

from Lys(cbz)DKP had a molecular weight of around 3,900 g/mol. The curve in the figure 

consisted of numerous small peaks with intervals of approximately 128 m/z, corresponding to 

the molecular weight of the PLys repeat unit. Under irradiation, segments of these repeat units 

detached from the PLys chains and were detected, further confirming the successful synthesis 

and molecular structure of PLys. The MALDI test results indicated that PLys had 

approximately 30 repeat units, which was five fewer than the value calculated from the NMR 

analysis, suggesting a broad molecular weight distribution for PLys synthesized via DKP ROP. 

The difference can be attributed to MALDI’s lower ionization efficiency for polymers with 

higher molecular weights, making it more likely to detect components in the lower molecular 

weight range. 

 

5.4.3 The preparation of PLys/Gen hydrogels 

 

Following the preparation of water-soluble PLys by DKP ROP, covalent polymer crosslinking 

with genipin was attempted in order to produce chemical hydrogels. Unlike many synthetic 

crosslinkers that are used to produce chemical hydrogels and crosslinked polymers in general, 

genipin is derived from a natural source, rendering it an attractive option for applications that 

require biocompatibility and reduced toxicity[268]. Genipin reacts primarily with amino 

groups, forming stable crosslinked networks (chapter 4)[269]. This property is particularly 

valuable in the development of biocompatible materials that may be applied within a 
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biomedical context, for instance as scaffolds for tissue engineering or drug delivery vehicles 

where both material safety and stability are crucial[94].  

 

During the hydrogel formation stage, excessive water can impede proper gel formation and so 

the PLys concentration in water was maintained at a minimum of 33%. After gel formation, the 

water adsorption capacity and stability of the hydrogels formed were assessed by maintaining 

the hydrogels into PBS buffer (pH 7.4) for seven days. A range of hydrogels were created (Table 

5-1) and the weight of each hydrogel measured every day (Figure 5-5). All data points feature 

error, but the error bars are too insignificant to be visible. The gels were produced limited 

aqueous solution before being added to excess solution to enable uninhibited hydrogel swelling. 

After one day, all hydrogels reached a saturation state, with lower crosslinker content leading 

to greater water absorption. Encouragingly, all of the hydrogels produced remained stable in 

aqueous PBS solution for at least seven days.  

 

Table 5-1 The composition of the different PLys/Gen hydrogels produced. 

Hydrogels PLys/genipin weight ratio 

PLys/Gen Gel 1 5:1 

PLys/Gen Gel 2 10:1 

PLys/Gen Gel 3 15:1 

PLys/Gen Gel 4 20:1 

PLys/Gen Gel 5 25:1 
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Figure 5-5 Water adsorption capacity of PLys/Gen hydrogels. 

To investigate the effect of the amount of genipin included in the hydrogel composition on the 

swelling ratio of the hydrogel, the data collected from Figure.5-5 was used to calculate the 

swelling ratio according to Equation (5-1) [94].  

 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =
𝑤𝑒 − 𝑤0

𝑤0
× 100% 

                                                                       (5-1) 

In this equation, We represents the weight of the hydrogels at equilibrium which was the weight 

of hydrogels after 1d, while W0 represents the initial weight of the prepared hydrogels. 

 

These results are recorded in Figure 5-6. When the weight ratio of PLys to genipin was 5:1, 

0.32 g of PLys/Gen Gel 1 could absorb an additional average 0.88 g of water, resulting in a 

swelling ratio of 281%. However, when this ratio increased to 25:1, 0.304 g of PLys/Gen Gel 

5 could absorb an additional average 1.63 g of water, leading to a swelling ratio of 535±20%, 

more than double the swelling ratio of PLys/Gen Gel 1. As the amount of genipin added 

increased from 4 mg to 6.7 mg per 100 mg of hydrogel, the swelling ratio of PLys/Gen Gels 

decreased from 535±20% to 410±14%. When the genipin amount exceeded 6.7 mg (up to 20 

mg), the swelling ratio further decreased to 281±20%. This trend of reduced hydrogel swelling 
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with increased crosslink density is not unexpected as crosslinking reduces the amount of 

protonated primary amine groups that cause hydrogel swelling through electrostatic repulsion. 

Polymer crosslinking also reduces PLys chain mobility, further reducing the capability of the 

polymer to swell in aqueous solution. The three-dimensional structure of the hydrogel is 

relatively loose at low crosslink density, providing more space for expansion and allowing it to 

absorb more water. As the content of genipin increased, the three-dimensional structure of the 

hydrogel became more compact, which limited the expansion space and led to a rapid decrease 

in the swelling rate of the hydrogel. When the amount of genipin added exceeded 6.7 mg, the 

effect in hydrogel swelling became marginal. At this point, the increase in the compactness of 

the hydrogel's three-dimensional structure became limited, leading to a slower decrease in the 

swelling ratio. Such swelling behaviour has been observed in the previously[270, 271]. 

Moreover, in the six days following the PLys/Gen Gels reaching their equilibrium state, the 

weight of the hydrogels remained unchanged, confirming the stability of the PLys/Gen Gels in 

PBS buffer. This is an important feature of the hydrogels, suggesting that they may remain 

intact in vivo for extended periods of time, providing early evidence for their potential 

applicability as scaffolds that promote tissue growth. However, further studies in simulated 

tissue environments are required to confirm this. 

 

 
Figure 5-6 The effect of genipin used on swelling ratio of PLys/Gen Gels. 100 mg of PLys 

was used in each instance. 
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5.4.4 Rheological characterisation 

 

To confirm that hydrogels had been produced, and to assess the rheological characteristics of 

these potential gels, rheology was conducted. PLys/Gen hydrogels used for rheology tests were 

prepared following the method described in Section 5.3.4. After preparation, the gels were fully 

swollen in 1 mL of DI water until they reached the appropriate volume necessary for testing. 

As shown in Figure 5-7, hydrogels with a higher mass ratio of PLys/Genipin (20:1 for Gel 4 

and 25:1 for Gel 5), where the amount of added crosslinker genipin was limited, exhibited a 

crossover point between the storage modulus (G') and loss modulus (G'') across the tested 

frequency range. In contrast, for hydrogels with a lower mass ratio of PLys/Genipin (5:1 for 

Gel 1, 10:1 for Gel 2, and 15:1 for Gel 3), where the genipin content was proportionally higher, 

no crossover point was observed, suggesting permanent chemical crosslinking[225]. 

Additionally, for these three gels, G' was significantly higher than G'' over the entire frequency 

range, indicating strong solid-like behaviour and the presence of an entangled fibrous network 

in the hydrogels[223]. These results demonstrate that hydrogel characteristics such as strength 

formation may be controlled by the genipin-to-PLys ratio.  
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Figure 5-7 Storage and loss modulus of PLys/Gen Gels: (a) PLys/Gen Gels 1, (b) PLys/Gen 

Gel 2, (c) PLys/Gen Gel 3, (d) PLys/Gen Gel 4 and (e) PLys/Gen Gel 5. 

 

For PLys/Gen Gels 2-5, as the genipin content increased, both the storage modulus (G') and 
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loss modulus (G'') of the hydrogels increased. Specifically, G' increased from 1,800 Pa (Gel 5) 

to 77,400 Pa (Gel 2), and G'' rose from 1,140 Pa (Gel 5) to 9,860 Pa (Gel 2). This can be 

attributed to the higher crosslinker concentration, which results in a denser hydrogel network. 

A denser network allows the hydrogel to store more mechanical energy during deformation, 

making it more resistant to deformation and thus enhancing its elastic behaviour (higher 

G')[224]. For the loss modulus, representing the viscous or energy-dissipative characteristics, 

a similar increase occurs, though to a lesser extent than G'. The increased network density offers 

greater resistance to flow, causing a moderate rise in energy dissipation during 

deformation[272]. As the genipin content further increased, comparing Gel 2 with Gel 1, the 

G' value for the hydrogel slightly decreased while G'' remained nearly unchanged. This may be 

due to the excessive crosslinker concentration, which makes the hydrogel structure too rigid 

and reduces the flexibility of the polymer chains. This reduced chain mobility limits the 

hydrogel's ability to efficiently store mechanical energy (G') or dissipate it as heat (G''), leading 

to the observed slight decrease in G' and the stabilisation of G''[273]. 

 

5.4.5 SEM characterisation of PLys/Gen Gels 1 and 5 

 

To study the influence of cross-linking agent content on the internal structure of the hydrogel, 

Gel 1 and Gel 5 prepared in step 5.3.4 were fully swollen in DI water and then freeze-dried for 

SEM observation. In Figure 5-8a, Gel 1 shows oval pores with diameters predominantly in the 

range of 1–10 µm. In comparison, Gel 5 has a similar number of small-sized pores (1–10 µm) 

but also features many larger pores measuring 30–50 µm, with improved connectivity between 

the pores (Figure.5-8b). These results visually demonstrate that as genipin content increases, 

the hydrogel structure becomes more compact and interconnected. 
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Figure 5-8 SEM of PLys/Gen Gel 1 and Gel5 (The white scale bar in the image represents a 

length of 50 µm). 

 

5.4.6 Loading and in vitro release of diclofenac sodium salt 

 

Following successful hydrogel creation, their capability to uptake, withhold, and release a 

therapeutic payload was then assessed. DIC is a NSAID widely used to alleviate inflammation, 

pain, and swelling associated with conditions such as arthritis, muscle pain, and migraines. Its 

sodium salt form enhances its solubility in water, making it an ideal choice as a model drug for 

various formulations. The amount of DIC loaded into PLys/Gen Gel 5 is shown in Figure.5-9. 

The highest loading, 32.9±1.5 mg/g, was observed at pH 1.7, which decreased to 20.2±2.8 

mg/g at pH 5.5, and further dropped to 12.4±3.1 mg/g at pH 7.4. The trend shows that as the 

pH increases, the amount of loaded DIC decreases. This can be explained by the behaviour of 

the free amine groups in PLys. Under acidic conditions, close to the pH of gastric acid, these 

amino groups become protonated and repel each other, expanding the hydrogel's internal 

structure. This increased swelling allows for greater DIC loading. As the pH rises, the amino 

groups gradually deprotonate, reducing repulsion and causing the hydrogel to shrink. DIC 

precipitation was not observed under the experimental conditions of a 5 ppm 200 mL DIC 

solution, despite DIC existing in its protonated form at pH 1.7. At pH 1.7, the lack of charge 

on DIC presumably makes DIC-PLys interactions less favourable, potentially causing DIC to 

diffuse out of the gel without binding. However, the strongly positive charge of the PLys gel 
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probably induces dissociation of DIC near the gel’s surface, which may eliminate previously 

mentioned limitation and thereby facilitating additional loading. At pH 5.5, DIC exists in its 

anionic form, enabling electrostatic attraction to the positively charged surface of the PLys gel. 

However, as the pH increases, the amine groups in PLys undergo deprotonation, reducing the 

gel’s positive charge density. This reduction weakens the electrostatic attraction between the 

gel surface and DIC, leading to a lower DIC loading capacity. At pH 7.4, the deprotonation 

becomes more extensive, further diminishing the attraction and causing an additional decrease 

in DIC loading. DIC PLys/Gen Gel 5 expanded to a larger volume compared to the dark blue 

colour of the initially prepared PLys/Gen Gel and remained stable in HCl solutions at pH 1.7 

(Figure.5-10). Therefore, in the subsequent experiments, the pH value for loading DIC onto 

PLys/Gen gels was set at 1.7 to maximize the drug loading capacity. 

 

 
Figure 5-9 DIC loading within PLys/Gen Gel 5 at different pH levels. 
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Figure 5-10 (a) Initially prepared PLys/Gen Gel 5 and (b) PLys/Gen Gel 5 at pH 1.7. 

 

The DIC loading results for PLys/Gen gels with different PLys/Gen weight ratios are presented 

in Figure.5-11. The amount of DIC loaded was determined using the following equation (5-2): 

 

𝐷𝐼𝐶 𝑙𝑜𝑎𝑑𝑒𝑑 (𝑚𝑔 𝑔⁄ ) =  
(5−𝐶𝑢)×0.2

𝑚
                                                                                                                                  

                                                        (5-2) 

 

Where 5 is the initial concentration of DIC (5 ppm) before loading. Cu is the concentration of 

DIC in the solution after loading. 0.2 refers to the volume of the DIC solution, which is 0.2 L 

(200 mL), and m represents the mass of the completely dry PLys/Gen Gel used in grams (g). 

 

 

 

Figure 5-11 The effect of the PLys/Gen weight ratio of hydrogels on the amount of DIC 

loaded at pH 1.7. 
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As the weight ratio of PLys/Gen in the hydrogel increased gradually from 5 to 25, the amount 

of DIC loaded into the hydrogel increased from 8.3±0.7 mg/g to 32.9±1.5 mg/g. This suggests 

that a lower genipin content in the hydrogel improves its capacity for DIC loading, likely due 

to the reduced crosslinking density allowing for more available space within the hydrogel 

network for DIC to be absorbed. 

 

For drug release experiment, the hydrogels containing DIC were sealed in a dialysis tube which 

was then maintained in PBS buffer at 37 ℃. DIC that is released and passes through the dialysis 

tubing can then be measured. This simulates the scenario where a DIC-loaded hydrogel, after 

fully swelling in gastric acid, enters the intestinal tract for DIC release. The hydrogels with 

relatively high loading amount of DIC were selected to conduct DIC release experiment 

(Figure.5-12). All data features standard error bars; however, some were so small that they are 

not visible in the figure. All the DIC-loaded PLys/Gen gels incubated at pH 1.7 reached drug 

release equilibrium at 8 hours. The PLys/Genipin weight ratios for PLys/Gen Gel 3, 4, and 5 

were 15:1, 20:1, and 25:1, respectively. After drug loading at pH 1.7 and subsequent release at 

pH 7.4, the final DIC release percentages were 92.2±2.8%, 85.7±1.1%, and 84.0±3.9% within 

8 hours, respectively. As the genipin content increased, the final percentage of DIC release also 

increased. Since DIC is a water-soluble anionic drug, it can interact with the amine groups in 

PLys. Increasing the amount of genipin in the hydrogels reduces the number of free amine 

groups available to interact with DIC, thereby restricting electrostatic interactions and leading 

to a higher DIC release percentage.  

 

The DIC release behaviour of these three gels can be summarised as follows (Figure 5-12): 

At pH 1.7, the hydrogel initially exhibited an expanded state, containing a significant amount 

of uncharged or locally negatively charged DIC molecules. This is consistent with the pKa of 

DIC being approximately 4.0, as reported in previous research[274]. Upon contact with the 

PBS buffer, the hydrogel began to shrink, and a large amount of DIC was squeezed out during 
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the first 90 minutes. At this stage, the interaction between DIC molecules and the amine groups 

in the hydrogel was relatively weak, facilitating rapid release. As the pH within the hydrogel 

structure increased to approximately 4, DIC molecules underwent deprotonation, adopting an 

anionic form. The resulting electrostatic attraction between the anionic DIC and the positively 

charged amine groups slowed the release of DIC, despite the continued shrinkage of the 

hydrogel. This phase marked the transition to a slower release rate. Eventually, after 8 hours, 

the DIC release from the hydrogel reached its maximum value, leaving only a small fraction 

of DIC retained within the hydrogel structure. 

 

Figure 5-12 Illustration of DIC release process for PLys/Gen Gels loaded drug at pH= 1.7. 

 

Based on Figure 5-13, the DIC release profiles for PLys/Gen Gel 5, loaded at different pH 

levels (pH 1.7, pH 5.5, and pH 7.4), exhibited variations in both the equilibrium time and the 

final release percentages of DIC. For the hydrogel loaded at pH 1.7, the maximum release of 

DIC occurred after 8 hours, accounting for 84.0±3.9% of the loaded drug; the hydrogel loaded 

at pH 5.5 reached equilibrium in 6 hours, releasing 72.3±2.9% of the loaded DIC; and the 

hydrogel loaded at pH 7.4 released 65.3±3.1% of the DIC at equilibrium after 3 hours. Given 
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that the pKa value of DIC is 4.0 [274], more DIC exhibited negative charge when pH was 

above 4. Ignoring the transitional behaviour DIC in Gel 5 loaded at pH 1.7 encountered, as the 

pH of the loading solution decreased, the positive intensity of the PLys/Gen Gel 5 surface also 

declined, resulting in weaker electrostatic attraction between the DIC anions and the protonated 

amine groups. Consequently, the DIC release equilibrium time for Gel 5 loaded at different pH 

levels followed the trend: pH 1.7 > pH 5.5 > pH 7.4. The discrepancy of DIC release percentage 

occurred because pH not only affected the anionic state of DIC but also controlled the swelling 

behaviour of the hydrogels. The larger pH differential (ΔpH) between loading and release 

solutions created a stronger driving force for the hydrogel to transition from a stretched to a 

shrunken state. More DIC in the hydrogels were squeezed out under the influence of the 

transition and dispersed in the solutions outside the dialysis tube. As a result, the DIC release 

percentages for Gel 5 loaded at different pH values also followed the trend: pH 1.7 > pH 5.5 > 

pH 7.4. 

 

Figure 5-13 DIC release observation of different PLys/Gen Gels. 
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Table 5-2 summarises the amounts of DIC loaded within and released from PLys/Gen gels 

which act as potential drug delivery vehicles. The highest amount of released DIC (27.6±1.3 

mg/g) was observed when PLys/Gen Gel 5 was used to load DIC at pH 1.7 and release it at pH 

7.4. To gain a deeper understanding of the DIC release process, the simple yet comprehensive 

Korsmeyer-Peppas model was employed to analyse the release of DIC from the polymeric 

matrix. This model is particularly useful for studying drug release mechanisms in hydrogels, 

providing insight into the relationship between diffusion and polymer relaxation during the 

release process. 

 

To investigate the mechanism and kinetics of DIC release, the results from Figure.5-13 were 

fitted to the semi-empirical equation.5-3 of the Korsmeyer-Peppas mathematical model. [275]. 

 

                                                                        
𝑀𝑡

𝑀𝑒
= 𝑘𝑡𝑛                                 

                                                                       (5-3) 

Where Mt represents the amount of DIC released at time t, Me is the amount of DIC released at 

equilibrium, k is the release velocity constant and n is the release diffusion coefficient, which 

is related to the drug release mechanism. According to the value of n, and for cylindrical tablets, 

the release of the drug can be classified as either Fickian or non-Fickian. When n<0.45, the 

drug release follows a Fickian model, where the process is primarily governed by diffusion; in 

contrast, when 0.45<n<1, the drug release follows an anomalous non-Fickian transport 

mechanism[121]. In this case, the release is governed not only by diffusion but also by the 

swelling of the polymeric matrix, meaning that both molecular diffusion and polymer 

relaxation contribute to the overall drug release process. The data fitting results, summarised 

in Table 4-3 and Figure S5-3 to Figure S5-7, revealed that the n-values for all PLys/Gen gels 

fell within the range of 0.45–1, except for Gel 5, where both DIC loading and release occurred 

at pH 7.4. The n-value for this hydrogel was 0.456, closely aligning with the drug release 

mechanism dominated purely by diffusion. This finding corresponds well with the 

experimental observation that no shrinking behaviour occurred under this condition. For 
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PLys/Gen gels loaded at lower pH values, a non-Fickian diffusion mechanism better describes 

the DIC release process at pH 7.4, as the release is influenced not only by diffusion but also by 

the structural changes in the hydrogel, such as the transition from stretched to shrunken states. 

 

Table 5-2 Loaded DIC, released DIC and fitting results of DIC release model. 

Hydrogels   

Loaded DIC 

(mg/g) 

Released 

DIC 

(mg/g) 

Maximum 

release 

percentage 

n release 

diffusion 

coefficient R2 

PLys/Gen Gel 3, 

pH= 1.7 19.9±2.1 18.4±0.6 92.2±2.8% 0.722 0.953 

PLys/Gen Gel 4, 

pH= 1.7 27.6±1.6 23.6±0.3 85.7±1.1% 0.743 0.955 

PLys/Gen Gel 5, 

pH= 1.7 32.9±1.5 27.6±1.3 84.0±3.9% 0.693 0.975 

PLys/Gen Gel 5, 

pH= 5.5 20.2±2.8 14.6±0.6 72.3±2.9% 0.561 0.984 

PLys/Gen Gel 5, 

pH= 7.4 12.4±3.1 8.1±0.4 65.3±3.1% 0.456 0.986 

 

Hence, among all kind of PLys/Gen Gels, PLys/Gen Gel 5 exhibits the biggest potential for 

DIC loading and releasing. With lowest amount addition of genipin (weight ratio of PLys/Gen= 

25:1, 1g hydrogels can withhold the maximum amount of DIC (32.9±1.5 mg) and release the 

maximum amount of DIC (27.6±1.3 mg) of all the gels tested. After DIC loading, the hydrogel 

can plausibly swell in the simulated acidic environment of gastric juice and then shrink in the 

intestinal fluid environment, releasing approximately 35% of the loaded DIC within the first 

90 minutes. Under the combined influence of drug diffusion and hydrogel volume changes, 

DIC release reaches equilibrium after 8 hours. This characteristic of PLys/Gen gels, featuring 

an initial rapid release followed by a prolonged slow release, highlights their potential as carrier 
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materials for enteric-coated DIC tablets, potentially enhancing the drug's sustained release and 

therapeutic efficacy. 

 

5.4.7 Injectable PLys/Gen Gels 

 

Hydrogels that can pass through a syringe are advantageous as they may be used as injectable 

payload delivery vehicles. Consequently, the capability of the PLys/Gen gels to be injected was 

assessed. After complete swelling in PBS solutions, PLys/Gen gels were placed into a syringe, 

subjected to thrust, and successfully injected into a glass bottle (Figure.5-14). This 

demonstrates that PLys/Gen gels are injectable and opens-up the possibility for new therapeutic 

applications for the biomaterial. After DIC loading, the hydrogel could be directly injected into 

the joint, where DIC release to the joint fluid would then occur. This method may offer a simple 

but effective approach for treating inflammation, providing localised drug delivery and 

potentially enhancing treatment outcomes.  

 

 

Figure 5-14 Injectable PLys/Gen gels. 

 

5.5. Conclusions 

 

Chemical hydrogels were created from a DKP starting material that underwent ROP, for the 

first time. This route to poly(amino acid)-based hydrogels aimed to minimise the use of toxic 

chemicals during monomer synthesis. PLys with 30 repeating units was successfully 
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synthesised via Lys(cbz)DKP, which was then reacted with hexylamine in the presence of MSA 

and DIPEA catalysts to yield PLys(cbz) Finally, PLys was created following successful cbz 

deprotection. Whilst monomer synthesis is environmentally favourable in comparison to 

conventional NCA synthesis, research must be undertaken to improve the environmental 

credentials of the polymerisation and the final cbz deprotection step, which is analogous to the 

deprotection step of PLys produced by NCA ROP.   

 

PLys/Gen gels were prepared by mixing PLys with varying proportions of the crosslinker 

genipin in DI water. As the genipin content increased, the swelling rate of the hydrogels 

decreased, while both the storage modulus (G') and loss modulus (G'') increased. Additionally, 

a transition from limited crosslinked to permanently chemically crosslinked hydrogels was 

observed. This suggests that a higher concentration of genipin creates a denser network 

structure, reducing the hydrogel’s swelling capacity but significantly enhancing its mechanical 

strength and stability. 

 

Furthermore, in the DIC loading experiment, a lower pH value (pH = 1.7) and a lower 

proportion of genipin (PLys/Genipin mass ratio of 25:1) were favourable for enhancing the 

DIC loading amount. These conditions promote a more flexible hydrogel network and increase 

the available space for drug absorption, leading to higher DIC loading capacity. In the DIC 

release experiments, PLys/Gen Gel can rapidly release 35% of loaded DIC and then the 

maximum release amount of DIC (27.6±1.3 mg/g) from PLys/Gen Gel 5 were detected after 8 

hours in a stimulated intestinal environment (pH 7.4). The drug release followed an anomalous 

non-Fickian transport mechanism, meaning that the release was governed by both diffusion 

and the swelling of the polymeric matrix.  

 

PLys/Gen Gel 5 is an ideal candidate for drug delivery with properties of an initial rapid release 

followed by a prolonged slow release. Additionally, the hydrogel's injectability offers the 

potential for localized drug delivery, expanding its versatility as a drug delivery system. 
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Chapter 6 Summary of Research 

 

This thesis reports novel ways to create PLys, and applications for which PLys may be 

exploited.  

 

Chapter three details the synthesis of linear PLys using thermal deprotection in the final, post-

polymerisation, deprotection step. Using heat eliminates the use of toxic reactants such as HBr 

and piperidine that are conventional used for PLys side-chain deprotection. PLys and PEG-b-

PLys were successfully synthesised following the cleavage of Fmoc groups over 1 h through 

in DMSO at 120 °C. Both polymers exhibited remarkable Pb(II) ion adsorption capacities, with 

PLys achieving a maximum capacity of 538±28 mg/g and PEG-b-PLys reaching 408±17 mg/g. 

These findings emphasise the environmental and practical benefits of producing PLys through 

thermally induced side-chain deprotection, offering potential application in wastewater 

treatment and related fields. 

 

The versatility of PLys as a material was demonstrated in Chapter Four, in which covalently 

crosslinked PLys hydrogels were reported as adsorbents for RB5. Glutaraldehyde (PLys/Glu) 

and the more environmentally positive genipin (PLys/Gen) were used as crosslinkers to 

maintain hydrogel morphology. PLys/Glu hydrogels demonstrated a maximum RB5 adsorption 

capacity of 430±8 mg/g, while PLys/Gen Gel achieved a higher capacity of 590±4 mg/g at pH 

5.5. This latter result is particularly notable owing to both the novelty and the particular 

application of PLys/Gen hydrogels. The adsorption kinetics followed the pseudo-first-order 

model and the adsorption isotherm data were well-fitted by the Langmuir model, indicating 

physically-induced monolayer adsorption. These findings can provide valuable theoretical 

guidance for practical organic dye adsorption applications.  

 

Greater crosslinking density enhanced the mechanical strength of PLys-based hydrogels but 

simultaneously reduced their dye adsorption capacity. This was also observed for the uptake of 
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DIC by PLys/Gen hydrogels, reported in Chapter Five. In this case, increased crosslinking 

density led to a reduction in the number of free amine groups available for DIC uptake. 

Therefore, achieving an optimal balance between mechanical stability and adsorption/drug 

uptake performance is essential for the practical application of PLys-based hydrogels. However, 

manipulating covalent crosslinker density allows these factors to be controlled. In Chapter 

Five, a triphosgene-free approach was adopted to prepare a potential drug carrier for oral 

administration, focusing on the synthesis of Lys(cbz)-DKP as a precursor for further PLys 

polymerisation. This method aimed to minimise the use of toxic reactants, most notably 

triphosgene. MSA and DIPEA were employed as catalysts for Lys(cbz)-DKP ROP, and were 

essential owing to the resistance of the DKP to undergo ROP in their absence. Under acidic 

conditions (pH = 1.7), PLys/Gen Gel demonstrated effective DIC uptake. Regarding drug 

release, approximately 35% of the loaded DIC was released rapidly in the initial stage. After 

eight hours in a simulated intestinal environment (pH 7.4), the maximum DIC release from 

PLys/Gen Gel 5 reached 27.6±1.3 mg/g, indicating its potential for controlled and sustained 

drug delivery. The observed release followed an anomalous non-Fickian transport mechanism, 

indicating that both diffusion processes and polymeric matrix swelling influenced the release 

dynamics. PLys/Gen Gel 5 demonstrates strong potential as an oral drug delivery system, 

providing an initial burst release followed by a sustained and controlled release over an 

extended period. 
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Chapter 7 Future Plans 

 

Based on Chapter Three, thermal deprotection has been proved an effective and piperidine 

free method to remove Fmoc protecting group from linear PEG-b-PLys(Fmoc) and 

PLys(Fmoc). The deprotection degree of the two polymers increased progressively with time, 

reaching its maximum after 1 hour. DLS analysis would allow a study to be undertaken to 

determine whether the extent of Fmoc removal impacts nanoparticle size and stability. Fmoc 

groups remaining may drive polymer self-assembly via hydrophobic interactions and π-π 

stacking between adjacent polymer chains. The presence of residual Fmoc groups facilitates π-

π stacking, and thus it has the potential to prepare self-assembly nanoscale amphiphilic 

polymers and be employed as drug delivery tools, such as carriers for amphiphilic anti-cancer 

drug, DOX. DOX can be encapsulated and distributed within hydrophobic part of amphiphilic 

nanoparticles[158, 276]. 

 

The control of nanoparticle size for PEG-b-PLys(Fmoc) can be addressed from two approaches. 

One is to adjust the molar ratio of PEG amine to Lys(Fmoc)-NCA and PEG-b-PLys(Fmoc) 

with fewer repeat units can be prepared through this way without deprotection. The other, for 

PEG-b-PLys(Fmoc) synthesised with a larger number of repeat units, is to optimise the 

deprotection time in DMSO to reducing the retention of hydrophobic Fmoc groups. 

 

The recyclability of the PEG-b-PLys and PLys discussed in Chapter three can be investigated 

in future work. Ethylenediaminetetraacetic acid disodium salt (EDTA-Na), known for its strong 

chelating ability with metal ions, and could be used as a metal ion desorption agent[277]. 

Studies could be undertaken in which EDTA-Na is added to the aqueous solution to facilitate 

the release of captured metal ions, liberating free PLys, carboxymethyl cellulose and chitosan. 

After filtration to remove metal contaminants, the polymers may then be re-used in aqueous 

solution or recovered by lyophilisation or water evaporation for re-use. This procedure could 

be assessed to determine efficient routes to polymer recovery and re-use.    
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The RB5 adsorption and desorption recycling experiments in Chapter Four only featured the 

PLys/Glu hydrogels. This is because the PLys/Gen Gels decomposed at pH 12, leaving no gel-

like material in the solution. The underlying reason for this instability remains unclear and 

requires further investigation in future work. A potential explanation is that the crosslinking 

structure of PLys/Gen Gels may not be stable in highly alkaline environments. A possible 

crosslinking structure is illustrated in Figure 7-1, based on references to crosslinked collagen 

protein/genipin structures[278]. At high pH, OH− may attack the N+ position in the six-

membered ring, leading to the breakdown of the crosslinking structure and subsequent gel 

decomposition. However, the existence of this proposed structure requires further verification 

through detailed experimental and analytical studies. Other sustainable crosslinkers could be 

evaluated to produce PLys-based chemical hydrogels that may remain stable for extended 

periods in an alkaline environment, such as citric acid 

 

Figure 7-1 Another structure of PLys/Gen crosslinking structure. 

 

 

In Chapter Five, the non-toxic nature of the drug delivery vehicle is crucial for its biomedical 

applications. To satisfy this requirement, a triphosgene-free synthesis method for PLys 

production from DKP was employed. Additionally, the biocompatible crosslinker genipin was 
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used to fabricate the hydrogel matrix. However, HBr/AcOH solutions were utilised in the 

deprotection process, raising concerns about potential toxicity. For future work, an alternative 

synthetic route involving Lys(Fmoc)-DKP synthesis could be explored. This approach will be 

combined with the thermal deprotection method described in Chapter Three to develop a more 

environmentally sustainable pathway for PLys preparation, ensuring enhanced 

biocompatibility and safety for biomedical applications. 

 

The small, negatively charged drug DIC was selected for the release study. For future research, 

the release behaviour of larger molecular weight anionic proteins, such as albumin using the 

same delivery vector PLys/Gen hydrogels, could be explored, potentially expanding the 

applicability of the system for protein-based therapy. Albumin is frequently employed for 

volume replacement or the correction of hypoalbuminemia[279]. It also has potential 

applications in targeted therapy due to its ability to interact with secreted protein acidic and 

rich in cysteine (SPARC), an albumin receptor that is overexpressed in many types of tumour 

cells[280]. Proteins like albumin absorb UV light at 280 nm due to the presence of aromatic 

amino acids, allowing the concentration of albumin in solutions to be measured, provided 

interference from genipin is properly excluded. Besides, chondroitin sulphate, an anionic 

polymeric drug for treatment of osteoarthritis, can be also selected as the loaded drug. 

 

The Proposed DKP ROP mechanism by MSA/DIPEA catalyst is provided in Figure 7-2. 

However, further experimental validation and detailed mechanistic studies are needed to 

confirm this proposed pathway in the future. Density functional theory (DFT) calculations can 

assist verification of this possible mechanism. Dissociation energy can be calculated to evaluate 

the stability of each complex mentioned in the Figure 7-2. 
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Figure 7-2 Possible DKP ROP mechanism by MSA/DIPEA catalyst. 

 

The application of α-PLys in the biomedical field remains limited due to its physiological 

toxicity, primarily caused by its high positive charge density[15]. However, many physiological 

toxicity studies have been conducted using α-PLys with a large molecular weight (above 30,000 

g/mol), often compared to natural ε-polylysine, which typically has 25-30 repeat units (~3840 

g/mol). Conducting toxicity tests on α-PLys with a molecular weight comparable to that of ε-

polylysine could provide more accurate toxicity assessments and potentially expand its 

applicability in biomedical research and therapeutic development. L929 mouse fibroblasts can 
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be used as target cells to evaluate the cytotoxicity of PLys using the MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay. The cells will be incubated 

with PLys solutions of varying concentrations and molecular weights, with a blank sample 

served as the control. Cell viability will be assessed spectrophotometrically since yellow-

coloured MTT can be reduced to deep purple formazan crystals by metabolically active 

cells[281].  

In addition, the morphology of the cells after incubation can be observed through microscope 

to provide supplementary insights into the cytotoxic effects of PLys on cellular structure. 
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Appendix A Supplementary Figures 

 

Figure S3-1 1HNMR spectrum of Lys(Fmoc)-NCA recorded at 400 MHz. DMSO-d6 was 

used as the solvent. 

 

 

Figure S3-2 1HNMR spectrum of PLys(Fmoc) recorded at 400 MHz. DMSO-d6 was used 

as the solvent. 
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Figure S3-3 APC chromatogram curve corresponding to the elution of PLys(Fmoc). 

 

 

Figure S3-4 1HNMR spectrum of PLys recorded at 400 MHz. DMSO-d6 was used as the 

solvent. 
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Figure S3-5. APC chromatogram curve corresponding to the elution of PLys. 

 

 

Figure S3-6. 1HNMR spectrum of PEG-b-PLys(Fmoc) recorded at 400 MHz. DMSO-d6 

was used as the solvent. 
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Figure S3-7. APC chromatogram curve corresponding to the elution of PEG-b-

PLys(Fmoc). 

 

 

Figure S3-8. 1HNMR spectrum of PEG-b-PLys recorded at 400 MHz. DMSO-d6 was used 

as the solvent. 
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Figure S3-9. APC chromatogram curve corresponding to the elution of PEG-b-

PLys(Fmoc). 

 

 

Figure S4-1. 1HNMR of Lys(cbz)-NCA recorded at 500 MHz using DMSO-d6 as the solvent. 
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Figure S4-2. 1HNMR of PLys(cbz) (synthesised from Lys(cbz)-NCA) recorded at 500 MHz 

using DMSO-d6 as the solvent. 

 

 

Figure S4-3. 1HNMR of PLys 2 (deprotected by 33%HBr/AcOH solutions) recorded at 500 

MHz using DMSO-d6 as the solvent. 
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Figure S4-4. Standard Curve of RB5 (5-30ppm). 

 

 

Figure S4-5. Pseudo-first-order model fitting for PLys/Glu Gel 1. 
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Figure S4-6. Pseudo-second-order model fitting for PLys/Glu Gel 1. 

 

 

Figure S4-7. Pseudo-first-order model fitting for PLys/Glu Gel 2. 
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Figure S4-8. Pseudo-second-order model fitting for PLys/Glu Gel 2. 

 

 

Figure S4-9. Pseudo-first-order model fitting for PLys/Gen Gel (I). 
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Figure S4-10. Pseudo-second-order model fitting for PLys/Gen Gel (I). 

 

 

Figure S4-11. Pseudo-first-order model fitting for PLys/Gen Gel (II). 
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Figure S4-12. Pseudo-second-order model fitting for PLys/Gen Gel (II). 

 

 

Figure S4-13. Pseudo-first-order model fitting for PLys/Gen Gel (III). 
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Figure S4-14. Pseudo-second-order model fitting for PLys/Gen Gel (III). 

 

 

Figure S4-15. Langmuir isotherm fitting for PLys/Glu Gel 1. 
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Figure S4-16. Freundlich isotherm fitting for PLys/Glu Gel 1. 

 

 

Figure S4-17. Langmuir isotherm fitting for PLys/Glu Gel 2. 

 

y = 0.3088x + 1.8965
R² = 0.9294

0

0.5

1

1.5

2

2.5

3

0 0.5 1 1.5 2 2.5 3

lo
g 

q
e

log Ce

y = 0.005x + 0.1203
R² = 0.992

0

0.5

1

1.5

2

2.5

0 100 200 300 400 500

C
e
/q

e
(m

g*
g/

L)

Ce (mg/L)



188 

 

 

Figure S4-18. Freundlich isotherm fitting for PLys/Glu Gel 2. 

 

 

Figure S4-19. Langmuir isotherm fitting for PLys/Gen Gel (I). 
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Figure S4-20. Freundlich isotherm fitting for PLys/Gen Gel (I). 

 

 

Figure S4-21. Langmuir isotherm fitting for PLys/Gen Gel (II). 
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Figure S4-22. Freundlich isotherm fitting for PLys/Gen Gel (II). 

 

 

Figure S4-23. Langmuir isotherm fitting for PLys/Gen Gel (III). 
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Figure S4-24. Freundlich isotherm fitting for PLys/Gen Gel (III). 

 

 

Figure S5-1. LC-MS of Lys(cbz)DKP (in the appendix) 

 

y = 0.261x + 2.1394
R² = 0.9461

0

0.5

1

1.5

2

2.5

3

0 0.5 1 1.5 2 2.5 3

lo
g 

q
e

log Ce



192 

 

 

Figure S5-2. MALDI test of PLys (synthesised from DKP method). 

 

 

Figure S5-3. Korsmeyer-Peppas mathematical model fitting of PLys/Gen Gel 3, pH= 1.7. 
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Figure S5-4. Korsmeyer-Peppas mathematical model fitting of PLys/Gen Gel 4, pH= 1.7. 

 

 

Figure S5-5. Korsmeyer-Peppas mathematical model fitting of PLys/Gen Gel 5, pH= 1.7. 
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Figure S5-6. Korsmeyer-Peppas mathematical model fitting of PLys/Gen Gel 5, pH= 5.5. 

 

 

Figure S5-7. Korsmeyer-Peppas mathematical model fitting of PLys/Gen Gel 5, pH= 7.4. 
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Appendix B Related Publications during PhD Projects 

 

B.1 From Chapter 3 

 

Jin, Xuchen, and Paul D. Thornton. "Thermal deprotection: a sustainable and efficient 

strategy for synthesising α-polylysine adsorbents." RSC advances 15.22 (2025): 17397-

17404. 


