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Abstract 

The interplay between cells and biomaterials constitutes a fertile ground to probe 

specific cellular functions and cues for therapeutic and research purposes. “Smart” 

materials encompass an extensive library that can lead to the design of dynamic 

multi-responsive constructs with great importance in the biomedical field. This work 

aims to describe diverse strategies on the modification of biological interfaces with 

synthetic polymers to promote the assembly of living cells and the design of multi-

responsive healable cell-encapsulating constructs with interest in 3D in vitro 

modelling, drug delivery, cell-based therapies and tissue engineering. 

In the first part, cell membrane engineering approaches are introduced to create a 

responsive platform for the accelerated and simple formation of cellular 

aggregates/spheroids, and to study polymer-cell interactions by exploring 

biorthogonal ligand-receptor multivalent interactions under different conditions. 

Specifically, boronic acid- and succinimide-based copolymers were first synthesised 

and fully characterised by physicochemical methods, and found to bind covalently to 

natural moieties present on the membrane of several cell lines, which can regulate 

the development of cell spheroids and act as self-supporting “cellular glues”. 

The second part of the project is dedicated to the development of multi-responsive 

self-healing hydrogel nanocomposites for biomedical applications, where we further 

expanded the dynamic crosslinking nature of boronate ester bonds. The proposed 

gels could be prepared almost instantly, exhibited photo- and thermoreversible 

transient sol-gel type of transition with excellent healing properties, and no toxicity, 

which allows the system to be used as a versatile biologic delivery matrix. 

In summary, the results highlight novel and straightforward approaches that may 

pave the way to implement a biomaterial-cell platform with broad biotechnological 

applications. 
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Impact Statement 

This thesis was aimed to create a conceptual “smart” platform by exploring synthetic 

materials that interact with living cells and adapt to 3D microenvironments with 

potential applications in diverse areas as medicine, biology, chemistry and 

engineering.  

New synthetic polymers are introduced that will be of interest to polymer chemists 

and material scientists. These materials exert specific interactions with cellular 

organelles, that is the cell membrane and other ligands, which allows the formation 

of cell spheroids and polymer-cell chimeras. These (nano-) hybrid constructs could 

find numerous applications as cell delivery systems and 3D tissue/organ modelling; 

given the simplicity and robustness of the proposed methodology, it is anticipated 

that the polymers and their protocols of use will impact a number of research areas 

spanning from pure cell biology, to biomedical engineering and materials science. In 

the second part of the thesis, nanocomposite responsive materials are introduced 

with the capability to encapsulate living cells; the proposed gels exhibit responsive 

healable properties owing to their sensitivity to thermal and light stimuli. These 

properties are highly appealing for the development of soft biomaterials and 

injectable cellular-glues, or malleable fillers, which could be useful in tissue 

engineering applications as well as in biomaterials design in a bigger picture.  

From a wider conceptual perspective, the current project shows that it is possible to 

rationally design simple materials that could interact with cellular organelles of 

perfect structure and function as evolution has instructed over millions of years. 

Obviously, the described synthetic methodologies cannot match those of nature, 

however, as our understanding is refined, it is envisioned that the proposed 

approach could constitute only a first step towards the synthesis of functionally even 

more complex materials to probe dynamic interactions with living systems in a more 

sophisticated manner. 
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We believe the knowledge acquired during this project will prove invaluable to the 

international scientific community in the near future through translational research, 

development of novel methodologies and better understanding of the concepts 

exploited, namely, cell surface engineering, bioconjugation methods, polymer-cell 

interactions, self-healing hydrogels, stimuli-responsive materials and 

physicochemical characterisation. The results of this work were published in high-

end journals and disseminated in international conferences, and we envisage that our 

work will be inspirational in the wider research community across the globe. 
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1.1 Cell-based therapies and tissue engineering 

Biologically inspired materials with tunable bio- and physicochemical properties 

provide an essential framework to actively control and support cellular behaviour. In 

recent years, there has been considerable progress in the design of stimuli-responsive 

polymers that probe ligand-receptor type of interactions by developing artificial 

entities that adapt and crosstalk with the cellular microenvironment and, ultimately, 

resemble the complexity of biological systems. In this context, we can underline cell 

membrane engineering, three-dimensional (3D) scaffolds for cell culture and tissue 

regeneration, microfluidic devices, drug delivery vehicles and phase-change 

injectable constructs as particular examples of the application of “smart” polymers.1-3  

 

The application of the principles of biology and engineering towards the 

development of functional substitutes for damaged tissue was the genesis of the 

interdisciplinary field of tissue engineering.4 With the advent of regenerative 

medicine, cell-based therapies have come to light as potential methods to deliver 

healthy cells to injured tissues, restore or enhance their function and treat medical 

conditions, such as cancer, diabetes, chronic wounds, neurodegenerative or heart 

diseases,5-9 which can overcome the hurdles of surgical resection and organ 

transplantation, or other available drug treatments. The use of cells as therapeutic 

entities established a new pillar in the pharmaceutical industry and biomedicine 

exerted by their intrinsic ability to sense the surroundings, make decisions and 

exhibit regulable behaviours.10-11 

Cell therapeutics constitute a fast evolving field in the medical sciences as an 

increasing number of synthetic procedures to intervene to biological functions have 

been reported and fuelled their translation into the clinical setting. For example, in 

2017, significant chimeric antigen receptor (CAR-T) cell therapies were approved by 

the U. S. Food and Drug Administration (FDA) for the treatment of leukaemia and 

lymphomas.12-13  

A major hurdle facing the translation of cell therapies from the lab to the patients is 

the survival, poor specificity and difficulty to recruit and attach a sufficient number 

of cells at the site of interest, and the lack of control to promote the desirable cell 
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phenotype.14-15 For example, engraftment of transplanted stem cells to the heart after 

stroke is very limited (2-10% in the first few days)16 when the cells are directly 

injected. 

For that reason, the utilisation of injectable biomaterials (e.g. polymers, 

microcapsules and hydrogels), which act as synthetic analogs of the extracellular 

matrix (ECM) and temporary support cell growth and tissue formation, could 

address the problems of poor recruitment, retention and survival of transplanted 

cells at the target tissue and/or provide an appropriate microenvironment for cell 

adhesion and proliferation, preventing the use of immunosuppressive drugs and 

facilitating tissue regeneration by impregnating the scaffold with suitable proteins, 

growth factors and nutrients.17-19 The strategies employed vary from the cell 

membrane engineering with specific receptors to promote selective targeting and 

adhesion, to the use of (minimally invasive) polymer matrices that temporarily 

immobilise the cells and support their proliferation.20-21 Their design should be 

reproducible, safe, affordable and easy to use by clinicians. 

The precise patterning of the cellular microenvironment might allow for the control, 

activation, proliferation and death of cells, regulate their adhesion and targeted 

delivery. Hence, the ability to engineer the cell membrane to impart non-native 

properties to cells has been used as a tool to enhance cell therapies. 

Scaffold-based systems can also be effective delivery vehicles of stem cells, cytokines 

and growth factors to enhance cellular functions. Numerous examples of 

biocompatible and biodegradable microencapsulation technologies are based on the 

immobilisation of cells within a semi-permeable membrane, which allows for the 

bidirectional diffusion of oxygen, nutrients and waste, and protects the cells from 

mechanical stress and the host’s immune system.22-24 It should be noted that to 

maximise the therapeutic efficacy, the cell density should be high enough but not 

exceed a critical value since if the cells start to compete for nutrients, they eventually 

will start to suffer from hypoxia and become necrotic. 

Hydrogels, owing to their porous, malleable and mechanically stable 3D structure, as 

well as chemical versatility and high water content, can provide a physical barrier 

and an adequate transient support for cell attachment, growth and migration, and 

encapsulation of therapeutic molecules.25-26 They can be used to deliver mesenchymal 

stem cells (MSCs) and induce osteogenic differentiation in bone formation,27 to confer 
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immune protection against delivered pancreatic islets, to promote the engraftment of 

cardiac stem cells,28 and harvest spheroids for 3D cell culture.29 In addition, the wide 

range of possible macromolecules used to fabricate the gels may endow them with 

attractive responsive properties to recapitulate functions of the ECM.30 In this sense, 

biomaterial injectability, permeability and diffusion of nutrients, rate of 

biodegradation and cell release, surface roughness, mechanical properties, 

biocompatibility/biotolerability and route of administration are critical design criteria 

to take into consideration.31-32 

 

There is the need to understand not only how the cells interact with each other but 

also with the synthetic constructs. The fabrication of therapeutic cell-biomaterial 

ensembles is promising as it is possible to achieve a level of functional sophistication 

and therapeutic utility unfeasible using uniquely synthetic chemistry or single 

molecules, but at the same time, a challenging approach as several factors can 

influence cellular functions.  

Recent advances in the fields of polymer and organic chemistry have expanded the 

chemists’ toolbox to apply delicate chemical strategies for the transformation of 

various substrates including proteins, nucleic acids and other biomolecules. Thus, 

the strategies chosen should generate minimal alterations on the biological activity of 

the cells, but confer new functionalities to the system, which can open a new window 

to improve conventional cell-based therapies. 
 

1.2 Polymer-cell interactions 

Cells possess the capability to modulate the metabolism, energy conversion, storage 

and molecular synthesis of living systems. The ECM, mainly constituted by proteins 

(e.g. collagen, elastin and fibronectin), polysaccharides and glycosaminoglycans, 

surrounds the cells to serve as a natural structural support and provides biochemical 

and biophysical cues to regulate cellular processes and tissue function, such as 

signalling, differentiation, migration, adhesion and repair.33 These cues are closely 

interconnected and include: cell adhesion ligands that specifically bind surface 

receptors to form focal adhesions, immobilisation of signalling molecules, 

topographical structure and organisation of ECM fibres, mechanical stiffness of the 
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matrix and degradation (Figure 1.1a).34 Consequently, the development of responsive 

biomaterials that mimic the structure, (bio-)chemical and mechanical properties of 

native ECM in a more realistic and adaptable scenario has gained increasing 

interest.34-36 

The relationship between polymeric materials and living cells comprises 

bidirectional physicochemical interactions and thermodynamic exchanges, which 

dictate subsequent cellular behaviours. This microenvironment frequently depends 

on the substrate mechanics, surface topography and composition. For instance, 

depending on the anatomical location, the mechanical properties of the tissue will 

vary, while the scaffold should be able to withstand physiological loading and match 

the mechanical integrity of the target site,37 bearing in mind that the substrate 

stiffness has an important effect on cell proliferation, remodelling and stem cells 

differentiation.38-39 Besides, surface topography has been demonstrated to influence 

cell processes, whereas, for example, grooved alginate microfibers were shown to 

produce higher degree of neurons extended neurites compared with smooth fibres.40 

Chemical composition, charge and wettability of the biomaterials have also been 

reported to affect cell adhesion and spreading.41-42  

Accordingly, a deeper understanding of polymer-cell interactions led to the 

development of bioactive “smart” materials which integrate with the ECM and 

dynamically change their properties in response to external triggers.43-45 Typical 

examples in this area have been reported on photo- and thermoresponsive surfaces 

with phase-change behaviour.46 Thermoresponsive polymers can switch from 

hydrophilic to hydrophobic state in response to temperature changes and modulate 

cellular adhesion.47-48 Photoresponsive materials bearing photosensitive functional 

groups can bind to the cell surface and upon irradiation, modulate the 

attachment/detachment.49-50 The “translation” of the dynamic ECM mechanisms into 

biomaterials can improve their integration and improve the control over the cell 

actions. 
 

1.2.1 Cell membrane biology 

The understanding of cell dynamics, which can refer to the regulation of cells’ 

function and structure in response to external triggers, is essential for the 
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development of new biomimetic materials and methodologies for cell therapy and 

tissue engineering. Therefore, it is noteworthy to consider the biomolecular 

composition of the membrane and how it is organised. 

The cellular interface is a complex, heterogeneous and dynamic biological structure 

comprising different types of proteins, lipids and carbohydrates, which outlines the 

cell border and mediates extracellular communications.51 Figure 1.1b depicts the 

organisation of the characteristic plasma membrane (5-10 nm thick) and its different 

components.52 

The lipid bilayer, constituted by cholesterol and phospholipids (amphiphilic by 

nature), is a vital structure that acts as a selective physical barrier to the (bio-) 

chemical environment, osmotic pressure and mechanical stress. Integral proteins (e.g. 

integrins and cadherins) possess α-helical hydrophobic regions that penetrate the 

phospholipid bilayer and hydrophilic ends that protrude into the cytosol and/or the 

extracellular fluid; peripheral proteins are not embedded in the bilayer but instead 

have polar or charged regions that interact with similar regions on exposed parts of 

integral membrane proteins or phospholipids.53  

Membrane-associated carbohydrates may be bound either to lipids or proteins on the 

outer surface of the cell forming glycolipids or glycoproteins, respectively, which 

comprise the glycocalyx (or cell coat).54 Cytoskeleton filaments provide rigidity and 

shape to the cell, and facilitate organelles movement. 

These structures play a central role in biorecognition, cell-cell and cell-ECM 

interactions, selective adhesion, enzymatic activity, molecular uptake and mass 

transport, which can activate intracellular signalling pathways that control 

fundamental functions, such as signal transduction and gene expression, cell 

division, migration and differentiation.55-56 
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The dynamic fluid nature (viscosity can vary from 30 to 100 cP in human epidermal 

cell strains57) and heterogeneity of the plasma membrane constitutes a challenge for 

cell surface remodelling since its components are continuously internalised, 

degraded and replaced.58 However, the crosstalk between cells and biomaterials 

constitutes a fertile ground to probe and direct specific cellular functions for 

therapeutic and research purposes.59 Hence, the rich repertoire of biomolecules, such 

as glycoproteins, glycolipids and integral/peripheral proteins, present at the surface 

provides an important and versatile framework to manipulate the interaction 

between cells and the surrounding environment. 
 

1.3 Cell membrane engineering 

During the last three decades, cell membrane engineering has provided an 

invaluable toolbox to regulate the molecular and biochemical composition of the 

cellular interface, cell fate and investigate the processes governed by the plasma 

membrane components, such as signal transduction, endocytosis, cell adhesion and 

migration, cell-cell interactions, among others.60-61 These strategies have expanded 

beyond basic research into more practical applications, including drug delivery, 

signalling and sensing, cell encapsulation, spheroids and tissue 

engineering/transplantation.62-64 

First, it is important to understand the bio-interface and the different aspects to take 

into consideration when designing cell-conjugate materials: 1) maintenance of the 

Figure 1.1. Representation of (a) cell-ECM interactions, which provides mechanical support, 
biochemical and biophysical cues, and (b) cell membrane structure ((a) reproduced with 
permission from ref. 34 and (b) adapted from ref. 52). 
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cell viability which requires strategies/materials compatible with the physiological 

conditions; 2) stability of the exogenous materials at the surface since these strategies 

can be transient due to membrane turnover, mitosis or degradation, and lead to 

rapid internalisation; 3) density and distribution of the active sites at the surface, and 

4) the mechanism of immobilisation of macromolecules, which can impact the 

robustness and interactions of the system.65-66 Hence, it is important to mimic 

fundamental properties of the ECM and provide an adequate microenvironment to 

maintain specific biological functions. 

In this perspective, researchers have developed several strategies to selectively 

decorate the cell surface with exogenous moieties such as nucleic acids, specific 

receptors, peptides, nanoparticles (NPs) and synthetic or natural polymers through 

direct or indirect methods, as depicted in Figure 1.2, to enhance the therapeutic 

potential and longevity of transplanted cells, without adversely affecting their 

viability caused by possible hindrance of nutrients/ions transportation, inhibition of 

the cell reproduction cycle, or direct effect of the materials on the membrane.67-70  

Ultimately, these approaches aim for targeted delivery, protecting the cells against 

physical stress, camouflaging of surface antigens (reduce immunogenicity), tracking 

cellular processes, and promoting cell signalling/recognition and intercellular 

interactions. 
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1.3.1 Indirect immobilisation 

Genetic engineering 

Genetic modification of the cell membrane has been exploited to modulate the 

expression of specific surface receptors, which participate in cell recruitment and 

migration processes, by transfecting/transducing the cells with genes encoding new 

proteins or peptide epitopes.71-73 For example, Mrksich and Kato installed an integrin-

inspired receptor onto the cell membrane by engineering a chimeric receptor to 

retain the intracellular and transmembrane domain of β1 integrin, while on the 

extracellular side it comprises a fractalkine stalk domain and the enzymatic domain 

of carbonic anhydrase IV at the terminus.74 The cells transfected to express this 

Figure 1.2. Schematic overview of various cell membrane engineering strategies for cell therapy 
(reproduced with permission from ref. 66); these include covalent (a, b), electrostatic (h), 
hydrophobic (c, d), metabolic (f) or ligand-receptor (b, d, e, g) type of modifications. 
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chimeric receptor on their surface could improve cell adhesion, signalling, 

transduction, and spread selectively on the substrate.  

Genetic engineering can also be used to introduce bio-orthogonal reactive groups 

into transmembrane proteins, which generate sites for selective modification of the 

cells. Ting and co-workers introduced site-specific biotin groups into transmembrane 

proteins, which can then be targeted with streptavidin conjugated quantum dots.75 

To this end, the researchers genetically attached a 15-amino acid acceptor peptide to 

the terminus of the protein of interest and added recombinant biotin ligase to the 

culture medium (which biotinylates a lysine side chain within the peptide). In a 

variation of this approach, recombinant proteins expressed in mammalian cells could 

be modified by the endoplasmic reticulum-resident formylglycine generating 

enzyme that converts cysteine to formylglycine and introduce a genetically encoded 

aldehyde tag, which can be further used to chemically react with hydrazide- or 

aminooxy-functionalised molecules.76  

Notwithstanding the promising results, genetic manipulation of cells can be 

technically challenging, time-consuming and dealing with regulatory issues, which 

restrict its use; genetic cell engineering may alter genomics of the host cells, which 

can permanently modify the genotype and potentially induce malignant character in 

the long term with safety concerns. In addition, it is impossible to modify the cell 

membrane with non-biological materials or introduce biomolecules that do not have 

a biological function in the natural biological machinery.66  
 
Metabolic engineering 

Alternative strategies have emerged based on the metabolic introduction of 

functional groups, which are absent from the cell membrane, into target 

biomolecules in the glycocalyx.60 The cells can be incubated with non-natural 

synthetic precursors, which are engulfed and metabolised by the cells’ own 

biosynthetic machinery, resulting in the incorporation of novel chemical 

functionalities at the surface – called bioorthogonal chemical reporters – that 

commonly comprise aldehyde, ketone, azide, alkyne or thiol groups.77-82  

Pioneer studies of the Bertozzi group described the functionalisation of cells with 

ketone and azide groups through the sialic acid biosynthetic pathway, which 
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permitted the chemical conjugation of biotin, fluorescent tags and oligonucleotides 

that may be used to modify the cell surface in vivo and mediate cell-cell 

interactions.83-85 Similarly, other researchers demonstrated that metabolic engineering 

of the plasma membrane of neurons could improve neurite outgrowth.86 Although 

pertinent, these methodologies are often complex and may perturb cellular 

processes.  

 

1.3.2 Direct immobilisation 

The limitations mentioned above have fuelled the landscape of cell membrane 

remodelling by other versatile and comprehensive methods. Covalent and non-

covalent bonding strategies have been used to directly modify the cell surface by 

chemical conjugation with functional groups naturally present on the cell membrane, 

through electrostatic interaction between cationic polymers and the anionic 

membrane, or the incorporation of amphiphilic materials into the lipid bilayer by 

exploiting hydrophobic interactions (Figure 1.3).  

 

Figure 1.3. Illustration of different modes of direct interaction of synthetic polymers with 
the cell membrane (adapted with permission from ref. 92). 
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Covalent conjugation 

The presence of specific functional groups, such as amines, thiols, carbonyls and 

diols, which decorate the cell membrane, provides a fertile landscape for exogenous 

modification with synthetic polymers, NPs, quantum dots, antibodies and aptamers 

by selective covalent means. 

Of particular interest is the chemical reaction between primary amines, found on 

certain amino acids, and N-hydroxysuccinimide (NHS) ester derivatives or 

carboxylic acid-functionalised molecules, which has been extensively studied for 

protein crosslinking and labelling.87-90 These amines (that are positively charged at 

physiological pH) exist at the N-terminus of each polypeptide chain and side-chain 

of lysine amino acid residues, which make them accessible to conjugation with NHS 

reagents in a pH-dependent way (Scheme 1.1). Frequently, non-sulfonated forms of 

these derivatives are water insoluble and should be first dissolved in water-miscible 

organic solvents before added to an aqueous reaction mixture. NHS ester can 

undergo hydrolysis in aqueous medium but aminolysis of the ester derivative is 

preferred in the presence of primary amines.91 

 

An interesting work by Teramura et al. showed that it was possible to covalently 

couple NHS-derived poly(ethylene glycol) (PEG) to amino groups on membrane 

proteins of living cells, without any deleterious effect on their morphology and 

function, which can be used for cellular transplant applications.92 The researchers 

also observed that the synthetic polymer was excluded from the surface after 24 

hours, probably due to the hydrolysis of amide bonds by proteases, although the 

mechanism is not fully understood. The Chaikof group used a similar approach to 

PEGylate pancreatic islets to reduce thrombogenicity of their transplantation.93-94 To 

Scheme 1.1. Generic chemical reaction between NHS ester reagent and a primary amine, at 
physiological and slightly alkaline conditions, to yield stable amide bonds. 
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this end, they developed a bifunctional PEG linker functionalised with NHS and 

thrombomodulin (TM); TM binds thrombin and inactivates its pro-coagulant/pro-

inflammatory effects as well as activates protein C, a potent anti-coagulant and anti-

inflammatory agent. A distinct approach employed hyperbranched polyglycerol 

(HPG) polymers to decorate red blood cells (RBCs) via succinimide coupling and 

enhance the grafting efficiency of macromolecules to camouflage surface antigens 

from the immune system.95  

Biotinylation of the cell membrane through reaction of NHS-biotin derivatives with 

primary amines, and later functionalisation with streptavidin molecules, has also 

been studied. Sarkar et al. immobilised sialyl Lewis X (SLeX) tetrasaccharides on 

MSCs through biotin-streptavidin bridges, which imparts a leukocyte-like rolling 

response on activated endothelium to increase the targeting efficiency. Furthermore, 

the conjugation was stable and did not induce any adverse effect on the cells 

phenotype and differentiation potential.96 This approach has then been extended to 

the immobilisation of antibodies, growth factors and NPs to the cell surface.97-98 

Another relevant strategy takes advantage of free thiol groups present in the cysteine 

residues of membrane proteins, which can react with maleimide-functionalised 

materials at physiological pH.99 Stephan and co-workers described the chemical 

conjugation of drug-loaded NPs, bearing a maleimide-functionalised phospholipid 

surface layer, with thiols present on T-cells.100 The conjugation was performed in a 

two-step process starting with the incubation of the NPs with the donor cells via 

maleimide-thiol coupling, and subsequent reaction with thiol-terminated PEG to 

eliminate residual functional groups on the NPs surface. It was shown that the 

prolonged retention of the particles on the cell surface enabled sustained delivery of 

adjuvant drugs and increased their therapeutic impact (without major concerns of 

premature degradation of the carrier or cargo). Yuan et al. used a maleimide-

derivative to label cells/proteins with a fluorescent probe that has potential 

applications in clinical diagnosis.101 Francis and co-workers departed from previous 

studies to directly install DNA strands through the reaction of a NHS-PEG-

maleimide crosslinker with amino groups present on the membrane proteins, 

followed by the conjugation of thiolated DNA;102 they reported the capture of RBCs, 

primary T-cells and myoblasts, and the ability to form myotubes capable of 

spontaneous contraction. 
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Alternatively, boronic acids have been used to reversibly bind to glycoproteins 

present on the cell surface. The dynamic covalent nature of boronate esters allows for 

the selective attachment to cis-diols residues, that include sialic acid or galactose 

units, in a pH-dependent manner, with interest in insulin delivery, molecular 

sensing, cell capture/release and culture.103 Boronic acids belong to the large class of 

organoboranes, also known as boric acids, which are alkyl, alkenyl or aryl-

substituted containing a carbon to boron chemical bond (Scheme 1.2).  

 

Boronic acid exist in equilibrium between a neutral trigonal form and a negative 

charged tetrahedral form (Scheme 1.3a), which acts as a Lewis acid owing to the 

presence of a vacant p orbital on the boron centre (open shell). In presence of 1,2- or 

1,3-diols, both states will form boronate esters that are slightly more acidic and stable 

when in the tetrahedral form.104 This binding event can shift the equilibrium from the 

neutral to the anionic species, whose strength and reversibility of the complex is 

dependent on the solution pH and pKa of the components (i.e. at pH values near or 

above the pKa of the boronic acid, boronate ester formation is favoured), buffer 

concentration and relative position of the hydroxyl groups in the corresponding diol 

compound. 

The boronic acid moiety in its trigonal configuration can coordinate with water 

molecules and form a tetrahedral boronate anion, releasing a proton (Scheme 1.3b), 

Scheme 1.2. (a) Nomenclature of boron compounds. (b) Boronic acid and diol complexation 
mechanism to form a cyclic boronate ester in aqueous conditions. 
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owing to its Lewis acidity. This character enables the formation of a dative boron-

nitrogen bond when proximal amino groups are present, which enhances the 

binding affinity of boronic acids for vicinal diols at neutral pH.105-106 For example, a 

tertiary amine, which acts as an internal Lewis base, can donate its free electron pair 

to the boron centre and stabilises the boronate ester complex. 

 

 

The interaction between boronic acids and cell membranes can be used to control the 

adhesion of cells to biological substrates. Hubbell and co-workers synthesised a 

poly(L-lysine)-graft-poly(ethylene glycol) (PLL-graft-PEG) copolymer modified with 

Scheme 1.3. (a) Dynamic equilibria of boronic acid with a diol (adapted from 
ref. 104). (b) Lewis acidity of boronic acids. 



Responsive polymer-cell interfaces 

 32 

phenylboronic acid (PBA), which could form covalent but reversible complexes with 

cis-diols of the oligosaccharides on the glycosylated surface of RBCs at physiological 

pH, while the PEG domain would provide a molecular barrier to protein and cell 

adhesion, and prevent the binding of antibodies in transplanted cells.107-108 The 

PEGylation of RBCs through boronate ester coupling may prove to be of great 

importance to limit immunogenic responses. 

This chemistry can also be applied to selectively capture and release living cells from 

heterogeneous surfaces. For example, Jiang et al. grafted a PBA-based polymer from 

the surface of silicon nanowire arrays to permit the attachment of breast cancer cells 

by boronate ester bond formation with sialic acid residues on the glycoproteins 

(Figure 1.4a).109 At physiological pH, the addition of an excess of free glucose 

triggered the cell detachment without affecting the viability. The cell capture ability 

of PBA can be combined with the excellent conductivity of multi-walled carbon 

nanotubes to develop an electrochemical sensor to bind K562 leukemia cells via 

boronate ester linkages.110 This nanocomposite could act as an anchorage substrate to 

capture/release cells on-demand and constitute a simple method to construct a 

reusable impedance sensor to monitor cell concentration. The incorporation of PBA 

groups into drug-loaded bovine serum albumin NPs had been reported by Wang 

and co-workers who demonstrated that PBA moieties can reversibly and rapidly 

react with sialic acid residues, which are overexpressed in cancer cells,111 to form 

boronate ester complexes and enhance the recognition ability of NPs to cancer cells 

as well as prolong their action time at the tumour site.112 

Further, boronic acid-containing polymers have been shown to enhance DNA 

transfection113-114 and mediate the delivery of protein toxins into the cytosol of 

mammalian cells.115 Recently, Rawson and co-workers described cellular electrical 

communication through the plasma membrane of a macrophage cell line mediated 

by boronic acid-terminated self-assembled monolayers; it facilitated the charge 

transfer with the ECM of neighbour cells and enabled a deeper understanding of the 

cellular functioning and surface electronic interactions.116  
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As can be seen from the previous examples, direct covalent modification is limited to 

the readily available reactive functional groups present on the cell surface. Thus, 

indirect modification methods have been investigated (as previously mentioned), 

although, in a strict sense, these approaches are not considered as direct covalent 

immobilisation but instead as a post-modification step, which can take advantage of 

chemical reactions.117 

Besides amine, diol and thiol groups, cell membrane carbonyl groups, including 

aldehydes and ketones, are also exploited to covalently immobilise suitable 

molecules.118 These groups are not usually found on the surface, which requires an 

additional first step to introduce them or to increase their concentration; this process 

involves the oxidation of sialic acid and galactose residues that is chemically 

mediated with sodium periodate or enzymatically mediated through galactose 

oxidase, respectively.119 These species can then react with hydrazides or alkoxy 

amines at pH 5-7 to form hydrazone or oxime bonds, respectively.120 Other non-

native reactive groups, such as azides, can also be introduced by metabolic 

engineering or enzymatic treatment of carbohydrates. A classic example was 

reported by Bertozzi group who employed a modified Staudinger reaction between 

phosphine and metabolically-installed azides to attach a biotinylated 

triarylphosphine and create stable cell surface adducts (Figure 1.4b).121-122  

Figure 1.4. (a) Cell capture and release from poly(acrylamidophenylboronic acid)-silicon 
nanowires induced by pH and glucose variations (reprinted with permission from ref. 109). (b) 
Reaction of biotinylated phosphine with cell surface azido sialic acid by a Staudinger reaction 
(adapted with permission from ref. 121). 
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Physical methods have been equally explored to immobilise ligands on the 

membrane; in contrast with chemical approaches, these processes are often transient 

in nature and may not sustain the materials in a mechanically demanding 

environment in the longer term, but minimise the potential toxic effect exerted on 

membrane biomolecules.123 
 
Electrostatic interactions 

The cell membrane is intrinsically negatively-charged, owing to the phosphate group 

in phospholipids, carboxylate groups on proteins and sialic acid-terminated 

glycoproteins, which opens the door to the binding of positively-charged polymers 

or NPs to the cell surface via multivalent electrostatic interactions, albeit due to their 

transient nature, it can shorten the residence time of the materials on the 

membrane.124 

The layer-by-layer (LbL) technique for the fabrication of polyelectrolyte multilayer 

(PEM) films is an attractive and physiological versatile method that has been used in 

a variety of cell types and tissues.125-126 Essentially, LbL assembly involves the 

alternate deposition of cationic and anionic substrates, i.e. polymers, NPs and nucleic 

acids, by Coulombic interactions, to create a thin film with controlled chemical and 

structural properties.127-129 Accordingly, an early study by Hubbell and co-workers 

showed that thin polymer layers, composed of polylysine (polycation) and alginate 

(polyanion), were able to prevent the interaction between the cells and the 

underlying adhesive proteinaceous substrate.130 The sequential deposition of cationic 

poly(dimethyldiallylammonium chloride) and anionic poly(styrene sulfonate) layers 

on platelets, followed by the adsorption of silica NPs, fluorescent nanospheres or 

bovine immunoglobulins, demonstrated that platelet aggregation and secretion 

could be controlled by the PEM thickness and composition; besides, abnormal 

receptor-agonist interactions could be blocked and cells could be targeted to specific 

sites in blood vessels by antibody coating.131 Wilson et al. reported the encapsulation 

of pancreatic islets through electrostatic adsorption of poly(L-lysine)-graft-

poly(ethylene glycol) (PLL-g-PEG) copolymers to create PEM films with tunable 

biological and physicochemical properties, which could act as immunoisolation 

barriers for cell transplantation and controlled release of therapeutic molecules.132-133 
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By incorporating PEG chains, the researchers could reduce the toxicity elicited by the 

polycations solely when in direct contact with the cell membrane. More recently, LbL 

assembly of alginate and gelatin loaded with IGF-1 (insulin-like growth factor 1) was 

used to encapsulate single neural stem cells, which enhanced their proliferation, 

while the survival rate was maintained for at least 10 days.134  
 
Hydrophobic interactions 

Hydrophobic interactions play key functions in several physiological processes such 

as lipid bilayer formation, protein folding and recognition.123 Artificial materials 

conjugated with appropriate hydrophobic anchors can be spontaneously 

incorporated into the membrane lipid bilayer driven by the hydrophobic effect.  

For instance, researchers used amphiphilic polymers, such as PEG-conjugated 

phospholipids (PEG-lipid) and poly(vinyl alcohol) (PVA) bearing hydrophobic alkyl 

side chains (PVA-alkyl), to anchor them to the outer leaflet of the cell membrane 

through hydrophobic interactions; the incorporation revealed to be greatly affected 

by the length of alkyl chains of phospholipids.92, 135 By utilising this method, the Iwata 

group could encapsulate islets of Langerhans for transplantation.136-137 Another study 

showed that bioactive HPG could be functionalised with vasculature binding 

peptides and octadecyl chains to decorate the surface of MSCs, and allowed for the 

targeted delivery to the vascular endothelium.138 Inspired by the work of Peacock139, 

Ko et al. coated MSCs with palmitated protein G, where the palmitate chain was 

inserted into the lipid bilayer via hydrophobic interaction and protein G was exposed 

on the surface to provide generic binding sites for antibodies to target endothelial 

cells.140 These proteins anchor antibodies to the cell membrane through their 

fragment crystallisable Fc region without compromising the affinity or functionality. 

Another approach, known as “cell surface painting”, uses hydrophobic glycoinositol 

phospholipids (GPIs) and cholesterol-tethered molecules anchored directly to the 

membrane to expose different proteins at the surface.141-143 

 

An interesting alternative method to remodel the cell surface applies lipid vesicles 

functionalised with chemoselective groups and subsequent fusion with the 
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membrane. This method mimics cellular processes in which contents encapsulated 

by lipid vesicles are delivered to tissues via membrane fusion. 

Sarkar et al. have shown that MSCs could be engineered to present (tetrasaccharide) 

SLeX on the membrane through lipid vesicles fusion to promote cell rolling and 

consequently, improve cell homing and targeting.144 Inspired by this work, Dutta and 

co-workers employed liposome fusion with the cell membrane to attach ketone and 

oxyamine functional groups, which served as synthetic receptors, and could 

immobilise a wide range of ligands and probes used in cell targeting and tracking.145 

More recently, Hsieh-Wilson and co-workers used a similar approach to attach 

sulfated glycosaminoglycans on the membrane, which activated key intracellular 

signalling pathways and enhanced neuronal growth.146 It should be noted that the 

inserted molecules may be transferred to the inner leaflet of the membrane (facing 

the cytoplasm) by flippases and affect the cellular function. 
 

1.4 3D cell culture 

2D cell culture has been demonstrated to fail to fully recapitulate the in vivo 

microenvironment sensed by the cells, which may overlook vital parameters to 

accurately reproduce and satisfy the structural requirements that complex biological 

systems demand, such as mechanical and chemical cues, cell-cell and cell-ECM 

interactions (Table 1.1).147-148 Cells growing on 2D plastic substrates typically only 

contact with each other on the edge, and are exposed to a rigid solid surface on the 

basal side and to a liquid medium on the apical surface (spatial restriction). 

Moreover, nutrients of the culture medium and oxygen diffusion occur without any 

major restrictions and the cellular waste can be released directly, which is not 

realistic of the physiological environment.149 

The realisation of the limitations of the 2D culture systems contributed to the 

development of novel reproducible 3D cell culture methods that mimic the native 

tissue as accurately as possible and provide a powerful platform to understand 

physiological mechanisms in vitro, study tumour models, gene expression and drug 

screening, and design of transplantable organ constructs.150-154 Cells cultured in 3D 

may exhibit characteristics more relevant to in vivo conditions than those on 2D 

surfaces, including adhesion, mechanics, cytoskeletal organisation, proliferation, 
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migration, differentiation, apoptosis, spatial distribution, diffusion and response to 

signalling molecules.155-156 The presence of multiple recognition and adhesion 

proteins can have great effects on tissue properties and organisation; even different 

members of the same family of adhesion proteins expressed in the same cell line can 

contribute to different effects.157 
 
Table 1.1. Cellular and micro-environmental differences between 2D and 3D culture systems. 

2D cell culture 3D cell culture 

Free diffusion of soluble factors (absence of 
gradients) 

Transport and distribution of soluble factors 
usually constrained by surrounding matrix 

Force apical-basal polarity determined by the 
relative positioning of focal adhesions in the 
x-y plane 

No pre-determined polarity due to 
unrestricted formation of focal adhesion 
contacts 

Cell morphology usually flattened and 
unconstrained spreading on the surface 

Cells can be spherical, spindle-shaped or 
create cell aggregates; spreading sterically 
hindered 

Cell adhesion formed at the cell-substrate 
interface (restricted to x-y plane) via integrin-
based focal adhesions 

Formation of cell-cell adhesions (cadherins) 
distributed in all three dimensions 

Lacking of gene and protein expression 
similarities with in vivo counterparts 

Mimic in vivo gene and protein expression 

Substrate have high stiffness (GPa range) Constructs with low stiffness (kPa range) 

 

Spheroids 

Multicellular spheroids are widely exploited models for 3D culture where the cells 

tend to spontaneously aggregate and self-organise into spherical compact clusters, on 

non-adherent surfaces, which render a simple and reproducible model of the in vivo 

microenvironment in terms of cellular communication, adhesion, differentiation, 

gene expression, production of ECM and molecular gradients.158-159 Generally, their 

formation involves three critical steps: 1) binding of ECM fibres (with multiple RGD 

peptides) to surface integrins, which triggers the aggregation of dispersed cells (early 

phase); 2) a delay period exhibiting up-regulated expression of cadherin due to cell-

cell contacts, and 3) cells compaction into solid aggregates/spheroids driven by the 
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homophilic cadherins adhesion.160-161 An important factor to consider when designing 

cell spheroids is the ability to supply nutrients and oxygen and, simultaneously, 

remove waste products and metabolites. These structures normally possess an active 

area of proliferating cells at the periphery, with quiescent/nectrotic cells in the inner 

part, which is evidenced for spheroids with diameters typically above 200 µm that 

are associated with oxygen/nutrients deprived centres.162 

Cell spheroids have found widespread use in biomedical research as avascular 

tumour models by resembling biochemical responses and biological similarities with 

parental tumours,162-163 to study angiogenic activity and vascularisation,164-165 gene 

expression166-167 and cell-cell interactions,168-170 drug screening171 and cell/tissue 

transplantation.172-174 In the latter case, most of the studies are in musculoskeletal and 

cardiovascular systems; for instance, implantation of spheroids produced from stem 

cells improved cell engraftment and myocardial function compared to monolayer-

cultured cells,162 or could be able to better upregulate hypoxia-adaptive signals in 

ischemic tissue.175 

Fundamentally, spheroids can capture architectural and functional characteristics of 

the native tissue, and modulate therapeutic activities by secreting paracrine-

signalling factors. Cells are surrounded by the ECM that provides distinct 

biomechanical and biochemical cues, and subject to complex molecular diffusion 

patterns, which determine cell differentiation, proliferation and homeostasis.176-177 In 

this sense, it is necessary to develop physiologically relevant cell/tissue models that 

will help in the design of innovative techniques and biomaterials. 
 
Techniques 

Cellular spheroids are interesting 3D models created from single or co-culture 

methods either matrix-based or scaffold-free.178 Over the years, a multitude of 

techniques has been employed to develop cell spheroids, as shown in Figure 1.5, 

which include hanging drop culture179-180, non-adherent surfaces181-183, 

micromolding184-185, rotating wall vessels or spinner flasks186-187, polymer scaffolds188-

189, low-speed centrifugation190 and magnetic forces.169, 191-192 Because cells can migrate, 

change their processes and remodel the surrounding microenvironment during their 

lifetime, polymer gels with stimuli-responsive properties have been developed to 
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better mimic the dynamic nature of these systems and facilitate the 

formation/integration of spheroids.193-194 More recently, microfluidics have also 

emerged as powerful tools to address certain limitations of the previous approaches 

and introduce various aspects of the in vivo-like microenvironment to create more 

realistic in vitro models of human tissues and tumours.195-197 These devices can 

encapsulate cells into micrometer gel particles that offer a controlled and physically 

isolated microenvironment to study cell mechanisms in a 3D matrix.198 In addition, 

microfluidics can be designed to simulate nutrient gradients, fluid flow, 

pH/temperature conditions and shear stress sensed by the cells in vivo. For instance, 

the replication of cyclical stimulation of cardiac tissues was performed with a 

pulsatile pressure-actuated microfluidic device that induced the preload and 

afterload effects on cardiomyoblasts and resulted in the establishment of an in vivo 

phenotype.199 However, the small sample sizes, special equipment requirements and 

methods not yet scalable are still challenges to overcome for tissue engineering 

applications.200  
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Although substantial progress has been achieved in the past decade, several hurdles 

still remain towards the construction of organoids (Table 1.2). The economic 

reproduction of uniform spheroids with multi-type cells in a short time period with 

adequate structural integrity hamper their scalability. Vascularization, engraftment, 

maturation, cell viability and long-term in vivo follow-up data still remain a 

challenge before spheroids can be successfully applied in clinical trials. 
 

 
 

 
 

Figure 1.5. Methods for the production of multicellular spheroids: a) hanging drop, 
b) non-adhesive surface, c) micromolding, d) spinner flask, e) scaffold-based, f) 
magnetic-force assisted, g) microfluidic platform (adapted with permission from 
refs. 176 and 178). 
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Table 1.2. Comparison of multicellular spheroids formation by different methods. 

Methods Advantages Disadvantages 

Hanging drop 
Simple to perform 
Uniform spheroid size 
High reproducibility 

Labour intensive and time 
consuming 
Low throughput 

Non-adherent surfaces 
Simple procedure 
Inexpensive 
Large-scale production 

Variation in size, shape and cell 
number 
Labour intensive 

Micropatterned surfaces 
High throughput 
Well-controlled spheroid 
size 

Complicated device fabrication 
(require specialised facilities) 
Spatial restrictions 

Spinner flasks 

Simple method 
Mass production 
Control of culture 
conditions 

Special equipment required 
Variation in size/cell number 
Shear damage of spheroids 

External forces (e.g. 
magnetic, acoustic) 

Rapid formation 
Controllable size and shape 

Require specialized equipment 
and culture conditions 
Damage of cell morphology due to 
extra forces 

Microfluidics 

High throughput 
Uniform spheroid size 
Dynamic controlled 
environment 

Expensive and complex device 
fabrication 
Difficult to collect and analyse 

 

Biological systems interact through multiple simultaneous molecular contacts that 

have unique collective properties qualitatively different from those displayed by 

their constituents individually (synergism), suggesting new strategies for the design 

of biomaterials. Polyvalent interactions, including virus-cell, cell-cell and polymer-

cell, can confer characteristics to a system that are not present in monovalent 

interactions, as they can: achieve tight binding from ligands with relatively 

moderate/low surface area, exert efficient communication and large conformal 

contact between cell surfaces, induce changes in cell morphology and distribution of 

molecules on the membrane, and create new contacts or inhibit undesired 

interactions that may allow spatiotemporal control of events.201-202 
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1.5 Polymer-mediated cell membrane remodelling for cell 
aggregation and spheroids formation 

The functionalisation of the cell surface with synthetic materials, such as polymers 

and NPs, has been exploited to regulate cellular communication, trigger cell 

aggregation and create spheroids as an alternative approach to study cell-cell 

interactions and the role of the membrane in cell recognition, and mimic tissue-like 

organised structures. The procedures for the installation of these materials range 

from covalent crosslinking to ligand-receptor mediated, hydrophobic and 

electrostatic interactions. 

Modifying the cell membrane with DNA strands, through a Staudinger ligation, can 

trigger selective cellular assembly. The Bertozzi group elegantly demonstrated that 

Jurkat cell populations modified with complementary single-stranded DNAs could 

be assembled into microtissues in a well-defined manner (i.e. by adjusting the DNA 

density on the surface, DNA sequence and cell concentration), as illustrated in Figure 

1.6a, where (non-modified) control cells showed limited cellular aggregation.203-204 

When fluorescence molecules were used, they observed that DNA strands were 

clustered at the cellular interface, confirming their specific role in the cell 

aggregation. More importantly, the researchers verified that the cells within the 

assembled microtissues could crosstalk by paracrine mechanisms (which is a 

prerequisite for the formation of functional tissues). Recently, non-covalent methods 

were also employed to intercalate lipid-conjugated DNA derivatives on the plasma 

membrane to rapidly and specifically aggregate the cells in a microsized pattern 

substrate; multicellular spheroids could then be formed with controlled size, shape 

and spatial organisation to explore collective cellular behaviours.205 

A different approach was used by Iwasaki and co-workers: methacryloyl groups 

were introduced metabolically to carbohydrates on the surface of HL-60 mammalian 

cells, followed by the immobilisation of a thermoresponsive PNIPAAm polymer at 

room temperature, without affecting significantly cell viability.206 When the 

temperature increased to 37 ºC (i.e. above the polymer’s LCST), the cells 

spontaneously aggregated, within 30 minutes, owing to the hydrophobic effect of 

PNIPAAm. 
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Ligand-receptor mediated cellular aggregation has been explored by several 

researchers; early studies of the Saltzman group described the aggregation of 

neuroblastoma cells and fibroblasts, in serum-free culture, promoted by PEG-RGD 

terminated polymers through peptide binding to complementary cell surface 

receptors.207-208  

Another classic example of this method is the biotin-(strept-)avidin type of 

interactions.209 For example, Meier described the synthesis of poly(ethylene oxide) 

(PEO) modified with a hydrophobic cholesteryl group at one end and a hydrophilic 

biotin group at the other. The copolymer could be anchored in the lipid membrane 

via hydrophobic interaction and the cells would aggregate (reversibly) when 

incubated with streptavidin.210 Interestingly, it was verified that the biotinylated PEO 

chains should have a minimal distance of approximately 15 nm from the plasma 

membrane to overcome the steric effect of the glycocalyx and permit the effective 

binding of streptavidin molecules.  

The same principle was investigated by De Bank et al. who attached biotin molecules 

on the cell membrane of myoblasts and further added an avidin solution to induce 

their aggregation.211 Prior to this, biotinylation of the cells was performed through 

periodate oxidation of the vicinal diols of sialic acid residues on the cell surface, 

resulting in aldehyde groups which could be used to selectively bind biotin 

hydrazide by hydrazone bond formation, without observing significant cell 

toxicity.212 Recently, biotin-streptavidin interaction was used to develop 3D 

multilayered tissue-like structures.213 Briefly, biotinylated cells were coupled to 

streptavidin-coated adherent cells and added sequentially to form a multilayer. The 

deposition of a bilayer of two types of cells on a stress-induced rolling membrane 

could then form 3D tubular structures that mimic the intima part of blood vessels 

walls. 

Ciupa and co-workers synthesised a maltol-derived hydrazide that was installed on 

the cell surface through reaction with aldehyde groups previously introduced on the 

membrane using the well-known mild oxidation of sialic acid moieties.214 When Fe3+ 

ions were added to the (serum-free) suspension, cancer cells started to aggregate 

after 10 minutes, owing to the selective maltol’s high affinity for Fe3+ ions. However, 

in complete culture medium, cell aggregation was prevented presumably due to 
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iron-chelating proteins, such as transferrin. The researchers also showed that the 

aggregates’ size increased proportionally with time and to the increase of Fe3+ 

concentration (up to a critical value). 

Yu and colleagues developed a hydrazide-functionalised inter-cellular linker, 

polypropylenimine hexadecaamine dendrimer (DAB-AM-16), which could react with 

the aldehyde groups of engineered cell surfaces and trigger rapid cellular 

aggregation.215-216 It was demonstrated that this dendrimer presented higher 

aggregation efficiency as compared to the dendrimers with fewer arms and no 

charge, and facilitated spheroids formation at lower linker concentrations (10 µM), 

which minimised the toxicity. The cell aggregates (CAs) maintained their 

morphology and cellular functions over a 7-day culture period, even as the polymer 

linker gradually disappeared from the surface after 2 days. Inspired by the previous 

studies, the researchers described an oleyl-PEG derivative conjugated to 16 arms-

DAB to rapidly assemble hepatocellular carcinoma cells.217 The positively charged 

dendrimer concentrated the linker onto the negatively charged cell surface to 

facilitate the insertion of the oleyl groups into the membrane to induce the formation 

of spheroids, which rate was accelerated if incubated in a shaker, or by increasing the 

linker concentration (up to a critical value of 1 µM), although the cluster morphology 

was not predominantly uniform. The Taguchi group reported the aggregation of 

pancreatic β-cells based on the functionalisation of cell membranes with a polymeric 

crosslinker composed of two distinct units - PEG derivative with oleyl groups at both 

ends. The crosslinker could anchor to the phospholipid bilayer and trigger cell 

aggregation via hydrophobic interactions (Figure 1.6b). Also, the resulting spheroids 

showed enhanced insulin secretion and mRNA expression of E-cadherin, although 

their formation proved to be more efficient in the absence of serum.218 The same 

group employed a similar strategy to promote the generation of spheroids of 

hepatocarcinoma cells, whilst it exhibited higher ammonia elimination and albumin 

secretion.219-220  

Swiston and co-workers showed that injectable cellular “backpacks”, consisting of 

hyaluronic acid (HA)-containing multilayer microparticles, could be attached by 

Coulombic forces to the membrane of one or more cells and form small aggregates, 

which size was affected by the ratio of cells to backpacks and the backpack 
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diameter.221 Shin et al. used electrospinning fabricated poly(lactic-co-glycolic acid) 

nanofibres to induce the construction of small cellular spheroids, probably driven by 

the adsorption of vitronectin and fibronectin from the serum on the fibres.222 The 

incubation of fibroblasts and embryonic kidney cells with the nanofibres improved 

the efficiency of spheroid formation, mainly during the first 12 hours of the process, 

as well as increased the average diameter of the spheroids. It was also shown that 

FAK gene expression (related with the cell adhesion) was augmented in the presence 

of the polymer nanofibres when compared with controls. 

The incorporation of polymeric particles into cell aggregates can be applied to 

recreate signalling cues or sense the local microenvironment.223-224 Krebs et al. 

reported that inert albumin-coated magnetic NPs could decorate human endothelial 

cells and when exposed to an external electromagnetic field, they could form chain-

like cell assemblies by a negative magnetophoresis process (i.e. motion induced by 

the magnetic field on a particle); the cells could be cultured again after removing the 

magnetic field.225 
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The construction of complex 3D multicellular assemblies in vitro is an area of 

intensive research dedicated to the generation of artificial organoids, which resemble 

the architecture, composition, cellular organisation and genetic signature of human 

organs. An interesting approach was reported by Rogozhnikov et al. that investigated 

a scaffold-free co-culture cardiac 3D tissue model based on the engineering of the cell 

membrane by liposome fusion to install bio-orthogonal functional groups.172 

Figure 1.6. (a) Covalent attachment of complementary DNA strands onto metabolic-engineered 
fluorescent cells to induce cell assembly (scale bars = 50 µm) (adapted with permission from ref. 
203). (b) Schematic of cell aggregation process using a hydrophobic-terminated polymer 
crosslinker (adapted with permission from ref. 218). 
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Cardiomyocytes, cardiac fibroblasts and human umbilical vein endothelial cells 

(HUVECs) decorated with ketone and oxyamine groups at the surface were rapidly 

clicked together via a stable oxime bond. This tissue assembly was able to beat 

synchronously without any external electrical stimulation due to high cell density 

and efficient cell contacts. In another study, the researchers engendered the liposome 

fusion delivery to create a photo-active and bio-orthogonal cell surface for remote 

controlled spatial and temporal microtissue assembly and disassembly upon UV 

light irradiation.226 Such an approach allowed for the modulation of cell adhesion 

and production of spheroids, and multi-layered tissue-like structures.227 

 

1.6 Stimuli-responsive self-healing polymer networks 

In the past few decades, a plethora of functional polymer networks with stimuli-

responsive properties has been widely explored in numerous research areas 

spanning from biomedical technologies to bioelectronics and engineering 

applications.2-3, 44, 228-229 These materials are commonly formed through physical 

blending, or by covalent or physical crosslinking of the polymer chains either in the 

form of solvated networks (i.e. hydrogels), bulk monoliths or coatings. Gels designed 

for use as tissue engineering scaffolds should also take biocompatibility, 

biodegradation and porosity into account. 

In recent years, significant research efforts have focused on the possibility to develop 

materials with self-healing properties, originally inspired by living systems, in order 

to facilitate remotely controlled (self-)healing properties upon damage/fracture that 

fully restore the mechanical properties of the pristine material, repair micron sized 

cracks/cuts of difficult access with minimum external intervention, and to prolong 

the overall life-cycle of the polymers (economically attractive).230-231 

Two main strategies prevail to synthesise self-healing materials: 1) the impregnation 

of catalysts in the form of capsules or fibres that are activated at the fracture point 

and elicit re-formation of new polymer networks (extrinsic),232-234 and 2) the 

incorporation of dynamic reversible bonds in the polymer matrix either in the form 

of crosslink points or as (hetero-) bifunctional building blocks (intrinsic),235-238 as 

shown in Figure 1.7. 
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The rapid development of responsive self-healing polymers is mainly driven by the 

utilisation of dynamic (reversible) chemical bonds that can be broken and reformed 

under relatively mild physicochemical conditions/stimuli, which often overlap with 

the inherent responsiveness of the bulk materials.238-239 Therefore, the healing 

behaviour of these materials is intriguingly often accompanied by (spatiotemporally 

controlled) microphase separation, gel-sol transition, volume/shape change, or 

photochromic response, which in turn can be exploited in various contexts, such as 

for real-time monitoring of the damaged/healed area, acceleration of the healing 

times and re-enforcement of the mechanical properties.240 Further advances in the 

field of organic polymer chemistry, such as the utilisation of controlled 

polymerisation methods and the development of (bio-) orthogonal chemical 

strategies,241-243 enabled the synthesis of intricate polymer structures with remarkable 

response versatility and precision by multiple stimuli. 

Dynamic, that is, reversible bonding can be covalent, such as the (retro-) Diels-Alder 

reaction products, disulfide and diselenide bridging, imine bonds, acylhydrazones 

and boronate ester bonds, or non-covalent, including hydrogen bonds, ionic and 

hydrophobic interactions, π-π stacking, metal coordination and host-guest 

interactions (Figure 1.8). The nature of these crosslinking bonds in combination with 

the physicochemical properties of the polymers used determine, in part, the 

stimulus-responsiveness of the materials as well as their thermodynamic parameters.  

During the repairing mechanism, the dissociation of the crosslinks temporarily 

enhances the mobility of the polymer chains and the diffusion near the damaged 

Figure 1.7. Visual depiction of extrinsic and intrinsic self-healing 
approaches (adapted with permission from ref. 240). 
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area, following the formation of new bonds that results in the repair of the network 

and recovery of the mechanical properties.244 The healing process can be divided into 

five stages, as described by Wool: 1) surface rearrangement, 2) interface contact, 3) 

wetting, 4) diffusion and 5) randomisation;232 after the formation of a fracture, the 

surfaces topology can change over time and when brought into contact, the diffusion 

of chain segments across the newly formed interface takes place, followed by 

randomisation, which results in the disappearance of the crack and concludes the 

healing mechanism. It should be noted that the damage volume can limit the healing 

efficiency of these systems. Thus, the optimisation of free volume is an important 

factor to achieve the desirable mobility of the chains, which can also be controlled by 

external stimuli. 

We will focus on boronic acid copolymers due to their relevance in this project. 

 

 

Figure 1.8. Chemical strategies using dynamic bonds for the design of responsive self-healing 
polymers. 
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1.6.1 Boronate ester-based gels 

As previously detailed (see 1.3.2), a particularly interesting type of dynamic covalent 

crosslinking is the formation of reversible boronate ester bonds (in a pH dependent 

manner) between boronic acids and cis-diols-containing moieties, as found in 

polyols, catechols, carbohydrates or glycoproteins. Electrochemical and optical 

sensors, pH-responsive hydrogels, insulin delivery systems, cell culture and capture, 

among others, are typical applications of these materials.103, 245-246 The polymer 

networks formed by boronate ester bonds are not permanently rigid but rather 

transient and can restructure dynamically after disruption, whose interplay between 

the two functional groups is pivotal in the context of self-healing materials design. 

PVA is an example of a polyol frequently used to this purpose; hydrogels fabricated 

from PVA have attracted attention due to their biocompatibility, easy handling and 

rapid crosslinking mechanism. The formation of hydrogels by mixing a PVA solution 

with sodium borate (borax) is known for decades but these gels are typically not 

suitable for biomedical applications (since they are formed only at pH > 9).247 

Nevertheless, the efficiency of crosslinking of PVA can be further improved by using 

polymers functionalised with PBA groups, which is entropically favoured over borax 

crosslinking and allows for multipoint interactions.248  

Early reports of Kataoka and Okano groups described the formation of boronate 

ester-based hydrogels through the reaction of poly(N-vinylpyrrolidone-co-

phenylboronic acid) (poly(NVP-co-PBA)) copolymers with PVA homopolymers (in 

alkaline media).249-250 As boronate ester bonds are intrinsically dynamic, the 

competitive binding with diols by the addition of glucose could cause the disruption 

of the polymer network under physiological conditions for insulin delivery; when 

they incorporated a N,N-dimethylaminopropylacrylamide co-monomer, the gels 

could be formed at physiological pH - more relevant for biomedical applications.251 

In a similar context, Ishiara and co-workers synthesised a glucose-responsive 

hydrogel system composed of poly(2-methacryloyloxyethyl phosphorylcholine-co-n-

butyl methacrylate-co-p-vinylphenylboronic acid) and PVA, which was applied as a 

3D matrix for fibroblasts encapsulation (which could be dissociated by addition of 

excess of glucose).252 Piest et al. reported a poly(propylene oxide-co-ethylene oxide-co-

propylene oxide) spacer (Jeffamine® ED1900) substituted at the terminal positions 
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with ortho- (2AMPBA) or para-aminomethylphenylboronic acid (4AMPBA) moieties 

that crosslinked with PVA to design pH-sensitive hydrogels.253 The presence of the 

aminomethyl group in the ortho position with respect to the boronic acid centre can 

form a dative B-N interaction that lowers the basicity of the amine and the acidity of 

the boronic acid, facilitating the formation of boronate ester bond at reduced pH, 

which differ significantly from the ones in the para position. These gels displayed a 

typical frequency-dependent viscoelastic behaviour and exhibited an elastic response 

at high angular frequency at which the crosslinks cannot completely dissociate and 

the network is more rigid. Jeff-2AMPBA formed hydrogels, G’ ≈4000 Pa, at pH 3 but 

only soft gels at neutral and basic pH (G’ ≈1600 Pa), while Jeff-4AMPBA formed 

stronger gels at pH 9, G’ > 11000 Pa, and much weaker (G’ ≈3000 Pa) at lower pH 

values.  

The pH and sugar sensitivity of the boronate ester bond is hence a key parameter to 

the formation and strength of the polymer network, and eventually its degradation. 

These hydrogels, owing to the rapid and reversible boronate ester bonds formation, 

are attractive candidates for drug delivery and tissue engineering, but also for self-

healing applications.254-255 The Sumerlin group explored the self-healing ability of 

dynamic boronic acid-functionalised gels by preparing copolymers of PBA and N,N′-

dimethylacrylamide, which could be further crosslinked with either PVA or a 

catechol-functionalised copolymer.256 The polymer networks containing PVA could 

heal at neutral and acidic conditions after 1 hour at room temperature, owing to 

intermolecular coordination that favours tetrahedral geometry and stabilises the 

crosslinks, and also displayed a frequency dependent moduli (G’ ≈1000 Pa). On the 

other hand, the catechol-containing gels exhibited lower mechanical strength (G’ 

≈400 Pa) and could not self-heal within 48 hours as result of the oxidation of the 

catechol groups and consequent formation of permanent and non-reversible quinone 

crosslinks. The same group also employed a photoinitiated thiol-ene click chemistry 

between diene boronic ester and di- or tetra- thiols to produce a healable polymer 

network.257 After healing for 3 days (at 20 ºC and 85% humidity), the gels could 

recover practically their original tensile strength and ≈86% elongation at break after 

three cycles (Figure 1.9a).  

Cromwell et al. investigated the ability to tune boronate ester exchange kinetics to 

control the dynamic properties of bulk materials, namely, malleability and healing 
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efficiency.258 In this regard, they used two telechelic divalent boronic acid molecules 

with variable transesterification kinetics that crosslinked with 1,2-diol-containing 

polycyclooctene polymer to synthesise a self-healing network. The material with fast-

exchanging boronate ester demonstrated enhanced malleability and healing 

efficiency compared to the slow-exchanging variant under the same conditions.  

Equally interestingly, Roberts et al. synthesised gels with thermal and pH-responsive 

behaviour based on the reversible covalent interaction of a polymer-bounded PBA 

and salicylhydroxamic acid (SHA) at physiological pH;259-260 SHA has a higher 

affinity for PBA than diols, which allowed for the formation of stable complexes even 

at acidic pH. The viscoelastic behaviour of the gels could be controlled by the 

chemical composition of the backbone with poly(acrylic acid) (PAA) or poly(2-

hydroxypropylmethacrylamide) (HPMA), as the gel with PAA exhibits a dynamic 

nature at neutral pH and HPMA-based gels at pH ≈4. By using a sulfonate polymer 

chain, they could create an acidic microenvironment due to a large Donnan ratio, 

thereby, the PBA-SHA binding constant was lower and the gels could self-heal fast 

after mechanical disruption in a pH-dependent manner. Additionally, the variation 

of temperature in HPMA-based gels could trigger an alteration of their mechanical 

properties, of which their moduli was frequency-dependent. Later, Messersmith and 

co-workers prepared pH-responsive self-healing hydrogels through the 

complexation of a branched catechol-derivatized PEG with a difunctional boronic 

acid - 1,3-benzenediboronic acid.261 These gels exhibited a G’ < 1000 Pa and could be 

formed at pH 9 after 30 minutes by mixing both components together, and 

dissociated into a viscous liquid at neutral and acidic pH. The gels were able to heal 

autonomously and recover their original shape at room temperature after cut into 

two pieces and brought back in contact for less than 1 minute. Another study 

employed a HA polymer modified with an aryl boronic acid or a maltose derivative 

(disaccharide of glucose).262 Upon mixing of both polymers, boronate ester bonds 

were formed between the boronic acid moieties and the diols of maltose, resulting in 

the rapid formation of a transparent soft gel (G’ around 500 Pa) at neutral pH, which 

exhibited again pH- and sugar-dependent viscoelastic properties and healing 

capability within 10 minutes.  

An attractive example was also reported by Langer and co-workers who designed a 

self-healing hydrogel composed of four-arm PEG macromers modified with either 
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PBA groups or glucose-like diols.263 The dynamic nature of the boronate ester 

complexes endowed the gels with shear-thinning, injectability and fast self-healing 

properties; the pH sensitivity of this bond allowed for the tuning of the gel strength. 

All matrices exhibited frequency-dependent viscoelastic behaviour across the pH 

range tested (6-8), which is characteristic of these dynamic networks, and excellent 

healing efficiency. These cytocompatible materials were tested as scaffolds for 

support of cells which in vivo response was consistent with a typical foreign body 

reaction with no chronic inflammation. Wang and co-workers synthesised shear-

thinning hydrogels through free radical polymerisation between a benzoxaborole 

derivative and a glycopolymer (3-gluconamidopropyl methacrylamide) at 

physiological pH.264 Due to the dynamic nature of boronate-diol interactions, these 

gels were sensitive to acidic pH and free sugars at room conditions, and could heal 

after 5 minutes when cut into two pieces and put back in contact. The polymer 

network also possessed low cytotoxicity, although a deleterious effect was observed 

when its composition was altered (increasing of benzoxaborole percentage).   

Based on previous works on self-healing materials inspired by mussel adhesive 

proteins and threads, Stadler et al. described a thermoresponsive dopamine-based 

copolymer that interacted with boric acid to form a triple stimuli-responsive 

(temperature, pH and ions) soft gel based on the metal (Fe3+)-catechol reversible 

coordination.265 In a similar way, Shan et al. prepared soft hydrogels via borate-

catechol complexation using a four-arm PEG functionalised with PBA or dopamine, 

which can be degraded by pH, glucose and dopamine stimuli.266 Although the gels 

showed good adhesion properties, healing ability and biocompatibility, further 

studies need to be conducted to fully understand the constructs behaviour’ and 

demonstrate their ability to act as cell encapsulants. Chen and co-workers integrated 

boronate ester and disulfide bonds in the same PNIPAAm-based polymer network, 

which endowed the gels with pH, glucose, temperature and redox stimuli-

responsiveness.267 The gel prepared under alkaline conditions displayed an elastic 

modulus about 400 Pa and could recover approximately 90% of its original 

mechanical strength after healing for 5 minutes.  

Meng and co-workers used a PBA-grafted alginate and PVA to produce shape-

memory hydrogels (at alkaline pH) sensitive to glucose and pH.268 Recently, 

Pettignano et al. used a simple but elegant approach to make a pH- and glucose-
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responsive polymer network using a boronic acid-modified alginate which gelation 

occurs almost spontaneously under basic conditions without the need of external 

diol molecules or calcium ions.269 The resultant gels (G’ ≈500 Pa) could recover their 

original shape after cut within 10 minutes, and completely recover their initial 

properties in about 30 minutes (Figure 1.9b). Furthermore, preliminary experiments 

revealed negligible cytotoxicity and capability to encapsulate and release cells, 

although further investigation still needs to be conducted. 

 

Self-healing polymer solids and gels are currently in a primitive phase and have not 

yet found many practical applications for various reasons that researchers only very 

recently started to address. These are: 1) the incorporation of healable properties 

often compromise the overall mechanical properties; 2) the chemistries employed are 

often (cyto-) toxic, which prevent the use in the biomaterials field or in simpler 

applications that require the interaction with human skin or other organs; 3) the 

repeatability of the healing capacity deteriorates with time; 4) healing times are very 

Figure 1.9. (a) Demonstration of healing process of the boronic ester 
network at room temperature (reproduced with permission from ref. 
257). (b) Self-healing behaviour of a boronic acid-modified alginate 
hydrogel (adapted with permission from ref. 269).  
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long; 5) the chemistries involved (i) do not survive/work in complex environments, 

i.e., in biological milieu or even in open air for prolonged times, which as a result can 

limit the potential applications of these materials as well as restrict their use as 

accessible building blocks with reasonable shelf life, and (ii) are not always 

compatible with other functional device components, for example, in the case of 

healable microelectronic devices/membranes, bottom-up fabrication approaches can 

be cumbersome.  

Several groups worldwide have dedicated some initial efforts to address these 

challenges, using double networks, nanocomposites, tough and stretchable gels, or 

by combining intricate manufacturing methodologies for cost-effective device 

fabrication. Therefore, we foresee that the constant refinement of the chemistries 

involved and the development of pragmatic solutions to the above-mentioned 

challenges may drive the field towards practical applications in the longer term. 

Conversely, in the near future it is more reasonable to expect that these materials will 

find applications as self-repairing materials of minimum damage (i.e. in the micro or 

milli-scale in the form of scratch/cut repairing) or in the form of transiently 

repairable materials for shorter-lived applications. 
 

1.7 Polymer chemistry 

Radical polymerisation techniques have been widely used in both laboratory and 

industry to produce an extensive range of synthetic polymers commercially 

available. Due to their versatility and simple preparation, it is possible to impart 

specific properties to polymers to be applied in cell therapeutics. The ability to 

polymerise a wide range of monomers, the compatibility with protic solvents, the 

relative tolerance to impurities and considerable reproducibility, the possibility to 

perform reactions in different conditions (e.g. bulk, solution, suspension and 

emulsion), and facile implementation and control in relation to competitive 

processes, are striking features responsible for the wide impact of free radical 

polymerisation (FRP).270 

Typically, FRP chain growth reactions comprise three fundamental steps: initiation, 

propagation and termination (Scheme 1.4). In the initiation stage, free radical species 

are produced, typically, by thermal or photochemical homolytic decomposition of an 
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initiator, such as peroxides and azo compounds, leaving the solvent cage, followed 

by the addition of a vinyl monomer unit to the growing radical (i.e. formation of the 

monoadduct, reaction 1.2). The propagation step, affected by polar, resonance and 

steric effects, involves the rapid and sequential addition of monomer units without a 

change of the active centre, which follows a first-order kinetics relative to the 

propagating radical concentration (reaction 1.3). At this point, side chain transfer 

reactions might occur, where the active radical centre of a growing polymer chain is 

transferred to inactive species (that can be the monomer, polymer or solvent), which 

yields a “dead” polymer and a new propagating radical that subsequently initiates 

an addition reaction (reactions 1.4, 1.5 and 1.6). In the final step of the 

polymerisation, these growing chains self-react and terminate by combination - two 

propagating radical chains react with each other to form a single non-reactive 

polymer chain - or disproportionation, where a hydrogen atom is transferred from 

one radical to the other resulting in two “dead-chain ends” (reactions 1.7 and 1.8); an 

alternative termination reaction can also take place when a free radical interacts with 

the propagating polymer chain (reaction 1.9). Termination is a second-order reaction 

with respect to radical concentration, and its rate becomes slower than that of 

propagation at very low radical concentrations.271 

Nevertheless, conventional FRP presents a few limitations, namely, the lack of 

control over the molecular weight distribution – polydispersity index (usually Mw/Mn 

> 2) – due to the very short average lifetime of the growing chains (≈1 s) that hamper 

the end functionalisation and composition of the final polymer, as well as the 

macromolecular architecture and tacticity, which can limit its use in specific 

applications that require a well-controlled and more complex synthesis (e.g. atom 

transfer radical polymerisation and reversible addition fragmentation chain transfer 

polymerisation).242 
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1.8 Aim of the project and overview 

Significant advances have been made in the last decade in cell delivery and tissue 

modelling, although the widespread use and therapeutic translation of these systems 

are not always feasible. There is therefore the need to develop reproducible and 

straightforward models of the cellular microenvironment to bridge the gap between 

2D in vitro and in vivo, which can mimic specific biological functions at both cellular 

and molecular levels, as is abiotic cell manipulation, since native cell-cell junctions 

occur in a 3D context. 

This Ph.D. project aims to explore cell-polymer ensembles by ultimately creating a 

bioresponsive versatile platform for 3D cell culture (Figure 1.10); it concerns the 

development of suitable cell surface engineering methodologies by the synthesis of 

Scheme 1.4. Generic mechanism of FRP (R represents the initial radical, M the monomer, P the 
polymer growing chain and S the solvent). 
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membrane interacting polymers which lead to the formation of cell spheroids and 

cellular glues. Then, the same synthetic ligation procedures (e.g. boronic acid 

chemistries) are explored for the fabrication of multi-responsive cell-laden healable 

soft gels. Particularly, the objectives of this dissertation are: 1) to synthesise and fully 

characterise stimuli-responsive copolymers; 2) to engineer the cell surface with 

synthetic anchors through bio-orthogonal reactions; 3) to investigate systematically 

the effect of copolymers on the formation of cell aggregates and spheroids, such as 

kinetics and metabolic activity; 4) to develop self-healing hydrogels based on 

dynamic covalent bonds and study their mechanical performance in different 

settings, and 5) to test the ability of these gels to create a 3D microniche for 

augmented cell delivery. 

 

 

Beyond this chapter, the thesis is organised into five more chapters. The second 

chapter describes the general techniques, protocols and materials employed 

throughout this work. 

By exploring elegant cell membrane engineering strategies, we seek to develop cell 

aggregates/spheroids in a fast and simple way to study polymer-cell and cell-cell 

Figure 1.10. Project overview. 



Responsive polymer-cell interfaces 

 59 

interactions in a 3D microenvironment, which can contribute as a platform design for 

disease model testing and microtissue fabrication. 

In the third chapter, cell membrane-interacting polymers were developed to induce 

and control the rapid formation of CAs in a reversible manner by exploring bio-

orthogonal ligand-receptor multivalent interactions between synthetic stimuli-

responsive polymers and the cell surface. It is also demonstrated that these 

copolymers can form bioresponsive macroscopic cell-laden gels. It is expected to 

establish the adequate physicochemical parameters and understand the mechanisms 

associated to the cellular aggregation, which allow to lay the groundwork for 

polymer-cell networks that can act as “cellular glues”. 

Based on those findings, chapter four demonstrates a cell membrane remodelling 

approach with a thermoresponsive boronic acid copolymer that accelerates the 

formation of well-defined spheroids at minute concentrations in different cell lines 

under conventional cell culture conditions, whereas we can regulate the size of the 

spheroids, their reversible formation and kinetics. The proposed approach simplifies 

significantly the procedures for the formation of cell aggregates under the existing 

methodologies that are practised globally, such as hanging drop and spinner flask, 

and constitutes a powerful and simple means to construct cell-containing 

biomaterials in a generic manner (i.e. independent of cell line), which could find 

applications in injectable biomaterials, cell delivery systems and in vitro 3D 

modelling protocols. 

Following the developments in cell therapy and tissue engineering fields, there is a 

growing need for injectable scaffolds developed to host, deliver and protect cells in 

situ. Concomitant with the aforementioned strategy, the dynamic nature of 

polymeric networks inspired on the previous materials to self-repair under bio-

relevant stimuli and modulate their properties to support cell encapsulation and 

delivery are investigated. 

Chapter five proposes the rapid fabrication of versatile multi-healable soft hydrogel 

nanocomposites, under biologically relevant conditions, based on the covalent but 

reversible interaction between PVA and a thermoresponsive boronic acid copolymer. 

The gels exhibit good healing properties and can be disrupted on-demand by 

thermal and optical stimuli, owing to the incorporation of gold nanoparticles in the 

polymer network. It is also shown that living cells can be encapsulated and released 
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from the polymer network, without significantly affecting their viability. Our 

concept comprises one of the first nanocomposite polymer matrices that can act as an 

excellent cell encapsulant and undergo mild (remotely) self-healing under 

biologically relevant conditions, which renders it as an interesting material towards 

the development of “smart” bioinks and healable biomaterials with applications in 

cell therapeutics, or even in implantable delivery systems with optical trackability 

and malleability. 

In the final chapter, the results obtained and future directions for the work are 

discussed. It is concluded that the proposed concepts are applicable in a generic 

manner in that they can be utilised for the macromolecular engineering of cell 

membranes as well as for the construction of responsive self-healing gels with 

excellent cell encapsulation properties. It is expected that this investigation will help 

to establish a conceptual framework for the rational design of cell-interacting 

“smart” polymers with the objective of introducing novel insights into cell culture 

approaches, cell therapeutics and tissue engineering. 
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2.1 Materials 

All solvents and reagents were purchased from Sigma-Aldrich and used as supplied 

unless otherwise stated. Acetone (Fisher Scientific), acrylamide (AAm; ≥98%), 3-

(acrylamido)phenylboronic acid (APBA; 98%), alizarin red S (ARS), amphotericin B 

solution, 2,2′-azobis(2-methylpropionitrile) (AIBN; 98%), CellTracker™ Green 

CMFDA dye (Life Technologies), deuterium oxide (D2O; D 99.9%) (Cambridge 

Isotope Laboratories), diethyl ether (≥99.5%), di(ethylene glycol) methyl ether 

methacrylate (DEGMA; 95%), dimethyl sulfoxide (DMSO; ≥99.9%), dimethyl 

sulfoxide-d6 (DMSO-d6; D 99.9%) (Cambridge Isotope Laboratories), Dulbecco’s 

modified Eagle’s medium (DMEM) (Sigma and Gibco), gold (III) chloride trihydrate 

(≥99.9% metal traces basis), ethanol (96%) (Fisher Scientific), fluorescein O-

methacrylate (fluorescein-MA; 97%), foetal bovine serum (FBS), gentamicin solution, 

D-(+)-glucose (≥99.5%), L-glutamine solution (100x), hexane (≥97%), LIVE/DEAD® 

cell-mediated cytotoxicity kit (Life Technologies), MEM non-essential amino acid 

solution (100x), methacrylic acid N-hydroxysuccinimide ester (NHS-MA; 98%), N-

isopropylacrylamide (NIPAAm; 97%), N-vinyl-2-pyrrolidone (NVP; ≥99%), 

penicillin-streptomycin solution, phosphate buffered saline (PBS), poly(ethylene 

glycol) (PEG; Mw 1500), poly(vinyl alcohol) (PVA; Mw 146,000-186,000 Da), 

polyvinylpyrrolidone (PVP; Mw 10,000 Da), resazurin sodium salt, RPMI-1640 

(Gibco), tetrahydrofuran (THF; ≥99.9%) (Fisher Scientific), toluene and 0.25% (w/v) 

trypsin-ethylenediaminetetraacetic acid (EDTA) solution. 
 

2.2 Instrumentation 

1H nuclear magnetic resonance (NMR) spectra were recorded on a Bruker 400 MHz 

instrument and analysed using MestReNova software (v6.0) to characterise the 

composition and microstructure of polymer chains. 

The molecular weight and polydispersity (PDI) of the polymers were determined 

using a size-exclusion chromatography (SEC) instrument equipped with refractive 

index detector (Viscotek). The system was equipped with an on-line degasser and the 

chromatograms were recorded at 30 ºC. The eluent (THF) was used at a flow rate of 1 

mL/min. The number-average molecular weight (Mn) of the polymers was 
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determined by conventional calibration (polystyrene standards) using OmniSEC 

software (v4.6). 

Fourier transform-infrared - attenuated total reflectance (FTIR-ATR) spectra were 

recorded using a Spectrum 100 IR spectrometer (PerkinElmer) at room temperature 

over the range 4000–500 cm-1 with a resolution of 4 cm-1 and accumulation of 16 

scans. 

Thermogravimetric analysis (TGA) was performed using a Discovery TGA analyser 

(TA Instruments). The samples were placed in aluminium (or platinum) pans, sealed 

with a pin-holed lid and heated from 30 to 500/700 ºC at a ramp rate of 10 ºC/min 

under a flow of nitrogen (40 mL/min), which allow us to monitor the weight change 

as a function of the temperature. The data was analysed using the TA Universal 

Analysis software. 

The microstructure of the hydrogels was examined using scanning electron 

microscopy (SEM). Prior to examination, the samples were freeze-dried, cross-

sectioned and sputter-coated with gold. Analysis was conducted on a FEI Quanta 200 

instrument.  

Transmission electron microscopy (TEM) was used to analyse the size distribution of 

the gold nanoparticles (AuNPs). AuNPs were deposited on a TEM copper grid by 

direct droplet casting from the stock solution. The samples were left to dry at room 

temperature before examination with a Philips CM 120 BioTwin microscope. 

Dynamic light scattering (DLS) and zeta potential measurements were recorded on a 

Zetasizer NanoZS (Malvern Instruments) at room temperature and at a backward 

scattering angle of 173º. The zeta potential, average hydrodynamic particle diameter 

(z-average) and polydispersity index of the particles were determined with the 

Zetasizer software. 

UV/Vis absorption spectra of the AuNPs (aqueous solution) and gel nanocomposites 

(freshly prepared in a quartz cuvette) were acquired using a Cary 100 

spectrophotometer (Agilent Technologies). 

The viscoelastic properties of the gels were measured in a Bohlin Gemini HR nano 

rheometer (Malvern Instruments) fitted with a parallel-plate geometry.  

An EVOS® FL Cell Imaging System (Life Technologies) was used for microscopy 

studies. 
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Adobe Photoshop (CC 2015) software was used for image processing and GraphPad 

Prism (v6.0) to present data. 

 

2.3 Polymer synthesis 

Typical procedure for the synthesis of poly(NVP-co-APBA) (P1) 

In a 25 mL round-bottom flask, NVP (1.10 g, 9.90 mmol) and APBA (19 mg, 0.1 

mmol) at molar ratios 99:1 were dissolved in a 1:1 (v/v) DMSO/ethanol mixture (5 

mL). AIBN (16 mg, 0.1 mmol) was added to the flask and then sealed with a rubber 

septum before purging with argon for 10 minutes. The reaction mixture was placed 

in a pre-heated oil bath at 75 ºC for 15 hours to initiate the polymerisation under 

magnetic stirring. The polymer was recovered by exposing the reaction to room 

temperature followed by precipitation in excess of diethyl ether and drying under 

vacuum. The copolymer was isolated as white powder (yield 80%; SEC Mn 14,100 Da 

and PDI ≈3.34). The same procedure was followed for the synthesis of fluorescent P1 

with relative monomer ratio NVP:APBA:fluorescein-MA 98.9:1:0.1. 

 
Synthesis of poly(DEGMA-co-NHS-MA) (P2) 

In a thick walled round-bottom flask, DEGMA (1.87 g, 9.95 mmol) and NHS-MA (9.2 

mg, 0.05 mmol) at molar ratios 99.5:0.5 were dissolved in a mixture of 5 mL 

DMSO/ethanol, and 0.01 equivalent AIBN was then added to the flask followed by 

argon purging. The flask was placed in an oil bath at 75 ºC for 15 hours under 

magnetic stirring. After cooling down to room temperature, the polymer was 

isolated by double precipitation in excess of cold diethyl ether and dried under 

vacuum. The copolymer was isolated as colourless oil (yield 79%; SEC Mn 29,800 Da 

and PDI ≈5.21). The same procedure was followed for the preparation of fluorescent 

P2 with relative monomer ratio DEGMA:NHS-MA:fluorescein-MA 99.4:0.5:0.1. 

 

Synthesis of poly(NIPAAm-co-APBA) (P3) 

In a 25 mL round-bottom flask, NIPAAm (1.12 g, 9.90 mmol) and APBA (19 mg, 0.1 

mmol) at molar ratios 99:1 were dissolved in a 1:1 (v/v) DMSO/ethanol mixture (5 

mL). AIBN (16 mg, 0.1 mmol) was added to the flask, which was then sealed with a 

rubber septum before purging with argon for 10 minutes. The reaction mixture was 
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placed in a pre-heated oil bath at 75 ºC for 15 hours to initiate polymerisation under 

magnetic stirring. The copolymer was recovered by exposing the reaction to room 

temperature followed by precipitation in excess diethyl ether and drying under 

vacuum. The copolymer was isolated as white powder (yield 78%, SEC Mn 35,900 Da 

and PDI ≈1.9). 

The same procedure was followed for the synthesis of PNIPAAm homopolymer and 

fluorescent P3 with additional co-monomer feed of fluorescein O-methacrylate 

(fluorescein-MA) with the ratio NIPAAm:APBA:fluorescein-MA 98.9:1:0.1.  

 

Synthesis of poly(NIPAAm-co-APBA-co-AAm) (P4) 

Copolymer P4 was prepared according to the procedure reported previously. Briefly, 

NIPAAm (0.97 g, 8.6 mmol), AAm (92 mg, 1.3 mmol) and APBA (19 mg, 0.1 mmol) in 

a molar ratio of 86:13:1 were dissolved in a 1:1 (v/v) DMSO/ethanol mixture (5 mL) in 

a 25 mL round-bottom flask. AIBN (16 mg, 0.1 mmol) was added to the flask, which 

was then sealed with a rubber septum before purging with argon for 10 minutes. The 

reaction mixture was placed in a pre-heated oil bath at 75 °C for 15 hours to initiate 

polymerisation under magnetic stirring. The polymer was recovered by exposing the 

reaction to room temperature, followed by precipitation in cold diethyl ether and 

drying under vacuum. The copolymer was isolated as a white powder (yield 79%, 

SEC Mn 17,800 Da and PDI ≈2.1). 

 
Synthesis of poly(di(ethylene glycol) methyl ether methacrylate) (PDEGMA) 

DEGMA (2.0 g, 10 mmol) and AIBN (16 mg, 0.1 mmol) were dissolved in toluene (8 

mL) in a 25 mL round-bottom flask. The flask was sealed with a rubber septum and 

purged with argon for 10 minutes before placing it in an oil bath at 75 ºC to initiate 

the polymerisation. The reaction was left under magnetic stirring overnight. The 

polymer was isolated by cooling the reaction to room temperature followed by 

precipitation into excess of hexane. The polymer was dried in vacuum with the use 

of a rotary evaporator to afford the final polymer product as a colourless oil (yield 

82%; SEC Mn 21,500 Da and PDI ≈3.12).  
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Synthesis of polyvinylpyrrolidone (PVP) 

NVP (1.11 g, 10 mmol) and AIBN (15 mg, 0.1 mmol) were dissolved in 

DMSO/ethanol (5 mL) in a round-bottom flask. It was sealed with a rubber septum 

and purged with argon for 10 minutes before placing it in an oil bath at 75 ºC to 

initiate the polymerisation and left under magnetic stirring overnight. The polymer 

was isolated by cooling the reaction down to room temperature followed by 

precipitation in cold diethyl ether. The polymer was dried in vacuum with the use of 

a rotary evaporator to afford the final product as a white powder (yield 84%; SEC Mn 

30,600 Da and PDI ≈2.70). 
 

2.4 Synthesis of gold nanoparticles (AuNPs) 

PVP-capped AuNPs were synthesised based on a previously published procedure.272 

In a typical reaction, a 0.02 M HAuCl4 aqueous solution (1 mL) was added to a 

freshly prepared aqueous solution of PVP (10 mL, 0.027 M) and left under vigorous 

magnetic stirring at 70 ºC. The reaction was complete in 15-20 minutes as observed 

by the characteristic burgundy hue of the solution due to the formation of the 

AuNPs. The solution was cooled down to room temperature and the AuNPs were 

obtained by precipitation in acetone followed by washing in an ethanol solution and 

centrifugation. Finally, AuNPs stock solutions were dried and used throughout the 

experiments in the form of semi-solid pellets. 

 

2.5 Cloud point measurements 

The lower critical solution temperature (LCST) turbidity assay was performed by 

measuring the absorbance of the polymer solutions in respect to temperature, using a 

SpectraMax M2e spectrophotometer (Molecular Devices). Polymeric solutions (5 

mg/mL) were prepared in PBS (pH 7.4, 0.01 M), water and DMEM (pH 7.4). The 

LCST was considered to be the initial onset of a sharp increase in absorbance at 500 

nm. 
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2.6 Formation of cellular aggregates 

2.6.1 Chapter 3 

The cells were grown to confluence, trypsinised and resuspended in complete 

culture medium. The copolymers (P1 and P2) were dissolved in PBS (pH 7.4), 

sterilised under UV and filtered, and then added into the cells’ suspension at 

different concentrations (ranging from 200 µg/mL to 500 µg/mL) at 4 ºC (triplicate). 

The polymer-cell suspensions were promptly transferred to flat 48-well plates at a 

final concentration of 4x104 cells/mL at room temperature, gently agitated and 

observed under the optical microscope for various times (three independent 

experiments). 

The cell aggregates’ surface area was quantified using ImageJ open source software 

(v1.49, National Institute of Health, USA) from three randomly selected images for 

each experimental assay at different time points and the values of the areas were 

normalised to those of the final area ([copolymer] = 200 µg/mL) for both copolymers 

at 60 minutes incubation time. 

 

2.6.2 Chapter 4 

The cells were grown to confluence, trypsinised and resuspended in complete 

culture medium. The copolymer was dissolved in PBS solution (pH 7.4), sterilised 

and then added to the cells’ suspensions at different concentrations (ranging from 25 

µg/mL to 500 µg/mL). The polymer-cell suspensions were promptly transferred to a 

48-well plate at a final concentration of 4x104 cells/mL, gently agitated and observed 

under the optical microscope for various times below (25 ºC) and above (37 ºC) the 

polymer’s LCST (three independent experiments). 

 

Spheroids formation  

H9c2 cells were incubated with P3 and transferred to ultra-low attachment (ULA) 24-

well plates (Costar® flat bottom) or 96-well plates (NuncTM SpheraTM round bottom) 

and gently agitated. Aggregated cells with different densities (2x103, 5x103, 1x104 or 

5x104 cells/well) were cultured at 37 ºC in a 5% CO2 humidified atmosphere. 
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Spheroids morphology was observed by phase-contrast microscopy at regular time 

points.  
 

2.7 Quantitative analysis of cell aggregation 

The cell aggregates’ surface area (x-y plane) of the main cluster was quantified using 

ImageJ open source software (v1.49, National Institute of Health, USA). To evaluate 

the ratio of cellular aggregation at different time points, the mean value of the area of 

three different micrographs for each condition was plotted, or normalised to that of 

the final aggregated area for 25 µg/mL P3-treated cells (at 90 minutes incubation 

time) and shown as percentage. 

The viability of spheroids was determined by a live/dead assay (see below). The 

spheroids were observed by fluorescence microscopy, the estimated cell viability was 

quantified with ImageJ and presented as a percentage of the ratio of the number of 

green pixels (live cells) to the sum of green and red pixels (live and dead cells). 
 

2.8 Glucose-polymer competition experiment 

The competition assay was carried out by preparing a series of P1/P3–cells 

suspensions containing increasing amounts of glucose (incubation time was at least 1 

hour). The samples were examined through microscopy for potential reduction of 

aggregate size due to APBA-glucose binding competition. 
 

2.9 Thermal control of cell aggregation 

Control of CAs formation by thermal oscillation across the LCST, in presence of P2, 

was performed by keeping the polymer-cell suspensions either at 4 ºC or 25 ºC, 

statically, for at least 30 minutes before recording the images with the optical 

microscope. 
 

2.10 Alizarin fluorescence assay 

A stock solution of ARS was prepared in glycine buffer (0.1 mM, pH 9) and ca. 5 mg 

of P4 was dissolved in 1 mL (immediate change in colour from pink to orange was 

observed upon addition of the polymer). The fluorescence intensity was measured at 
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580 nm in a 96-well plate (the excitation wavelength was 465 nm), and recorded at 

temperatures below and above the LCST (approximately 5 minutes were allowed for 

stability before recording each spectrum). Kinetics of the ARS dissociation from the 

APBA was recorded at 45 ºC (mean ± logSD). 
 

2.11 Preparation of the hydrogels 

2.11.1 Chapter 3 

Cell-laden gels were prepared by mixing 5×105 HDF or A549 cells in 200 µL of 

DMEM (pH 7.4) with 10 mg of P1 or P2 at room temperature (within 1 minute). 

The viscoelastic properties of the hydrogels were determined in the absence or 

presence of glucose for P1, and at temperatures below or above the LSCT for P2. 

Dynamic frequency sweep measurements were carried out within the linear 

viscoelastic region (LVR) of the samples at a constant 5% strain to determine the 

storage (G’) and loss (G’’) moduli. 

 

2.11.2 Chapter 5 

Hydrogels were prepared from aqueous PVA (2.5, 5, 7.5 and 10 wt%) and P4 (5, 7.5 

and 10 wt%) solutions in PBS (pH 7.4). The two components were mixed at equal 

volume ratios and mechanically stirred to ensure a homogeneous hydrogel 

formation at room temperature. The gelation time was monitored by a vial inversion 

test, which was completed in less than 10 seconds. AuNPs-doped gels were formed 

at different concentrations by dissolving the corresponding AuNPs pellet (20-40 

w/v%) to the PVA solution, followed by mixing with the P4 solution. 
 

2.12 Mechanical characterisation and self-healing experiments 

Chapter 5	

Rheological tests of the hydrogels were performed using a solvent trap to minimise 

sample drying. Oscillatory strain amplitude sweep measurements were performed at 

a frequency of 1 Hz to determine the linear viscoelastic region (LVR). Oscillatory 

frequency sweep measurements were then conducted at constant 10% strain 

amplitude to measure the storage (G’) and loss (G’’) moduli. The alternate step strain 
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sweep of the hydrogels was measured at 25 ºC and 1 Hz, switching from small (10%) 

to large strain (200%). The viscoelastic characteristics were also monitored by time 

and temperature sweep experiments at 10% fixed strain and frequency of 1 Hz, and 

the tan δ (G’’/G’) was determined.  

Studies of the self-healing process and responsiveness of the hydrogels were also 

carried out by dynamic rheology. Hydrogel samples were cut in two pieces and 

gently put back in close contact for predetermined time intervals, at 25 ºC, before 

measuring their recovered mechanical properties. A similar set of measurements was 

conducted on gels that were healed thermally (ca. 39 ºC) or optically with green light, 

at predetermined time intervals, which allowed for full gel-sol-gel transition during 

the healing process. Then, G’ and G’’ versus frequency and time of the reformed 

hydrogels were recorded. Self-healing efficiency was calculated as the ratio of G’ of 

the healed samples over the original values (time sweep at 25 ºC and 1 Hz). 
 

2.13 Glucose-triggered degradation of the hydrogels 

Freshly prepared gels with initial weight W0 were placed in a vial and immersed in 

0.5% and 2.5% (w/v) glucose solutions. The samples were incubated at 25 ºC 

(statically), removed at specific time intervals, gently wiped and finally weighed (Wf) 

to determine the weight loss according to the equation: %" = $%
$&
×100  . 

 

2.14 Light irradiation study 

AuNP-gel nanocomposites response test to light was carried out using a LED 

illuminator (DiCon, 1050 mW) at 521 nm. The samples were placed in close 

proximity to the light source (ca. 1 cm) and left until visual phase transition was 

observed. The temperature changes of the gels were monitored using a digital 

thermometer (Digitron TM-22). 
 

2.15 Calculation of the mesh size 

An approximate value of the initial mesh size of the hydrogels was calculated as 

described in the literature,273-274 using the G’ value to calculate the molecular weight 
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between crosslinks (we considered PVA as the most influential constituent of the gels 

to carry out the calculations). 

 

The gels were incubated in water, dried and weighed to calculate the swelling ratio 

(qF) and volume fraction polymer (v2): 

 

(1) !" 	= 	 %&''	()	*+,	&)-+.	/.+/&.&-0(1
%&''	()	*+,	&)-+.	).++2+-4.501*   ,  

 

(2) !" = 1 + &' − 1 	×	 +,+-
./

  , 

 

where ρP is the density of PVA (1.26 g/cm3) and ρw is the density of water (1.0 g/cm3). 

The crosslink density (η) was calculated from the Flory-Rehner equation: 

 

(3) ! = - $% &'() *()*+,())

-, ()
, .'/.1()

	  , 

 

where χ1 is the Flory-Huggins interaction parameter (≈0.5), V1 is the molar volume of 

the solvent (water, 18 cm3/mol) and η represents the number of active network chain 

segments per unit of volume (mol/cm3). 

The molecular weight between crosslinks was calculated from the measured G’ 

values: 

 

(4) !" = "$%&
'' 	  , 

 

where cp is the concentration of PVA in solution (5 or 7.5 wt%), R is the gas constant 

(8.314 m3 Pa mol-1 K-1) and T is the temperature (K). 

Finally, the mesh size (ξ) was calculated from Equation (5) as follows: 

 

(5) ! = #$
-& '×	*	×	 $+,

+-

& $ ×	./
& $	  , 

 



Materials and methods 

 72 

where l is the carbon–carbon bond length of monomer unit (1.54 Å  ), Mr is the 

molecular weight of the repeating unit (44 g/mol) and Cn is the characteristic ratio 

(8.9 for PVA). 
 

2.16 Cell culture 

Human dermal fibroblasts (HDF) were maintained at 37 ºC, under 5% CO2 

atmosphere, in DMEM supplemented with 10% (v/v) FBS, L-glutamine (2 mM), 1% 

MEM non-essential amino acids, gentamicin solution (100 µg/mL) and amphotericin 

B solution (0.25 µg/mL). A549 (ATCC® CRM-CCL-185™, human lung carcinoma) cell 

line was cultured in RPMI-1640, supplemented with 10% (v/v) FBS, L-glutamine (2 

mM), penicillin (100 U/mL) and streptomycin (100 µg/mL) in a humidified incubator 

at 37 ºC and 5% CO2. H9c2(2-1) (ATCC® CRL-1446™, rat heart myoblasts) and HepG2 

(human hepatocellular carcinoma) cell lines were maintained at 37 ºC, under 5% CO2, 

in DMEM supplemented with 10% (v/v) heat-inactivated FBS, penicillin (100 

units/mL) and streptomycin (100 µg/mL). Cells were kept sub-confluent by allowing 

recovery every 2-3 days. 

 

2.17 Cell viability assays 

Resazurin assay 

The cell viability (metabolic activity) was assessed from three independent 

experiments by the resazurin assay as outlined below. This blue dye is reduced to 

(pink coloured) resorufin in mitochondria of live cells. Briefly, 24 to 72 hours post-

treatment, the cells were incubated with DMEM or RPMI containing 2% (v/v) 

resazurin dye. After ca. 2 hours incubation period at 37 ºC, the absorbance (A) of the 

medium was measured at 570 nm and 600 nm in a SpectraMax M2e 

spectrophotometer (Molecular Devices). The cell viability was calculated as the 

percentage of the non-treated control cells, according to the formula: 
!"#$-!&$$ 	()	*+,-*,.	/,001
!"#$-!&$$ 	()	/(2*+(0	/,001 ×	100  . 

 

Live/dead assay 
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The cells were co-stained with 3,3’-dioctadecyloxacarbocyanine perchlorate 

(DiOC18(3); λEx/λEm= 484/501 nm) (2 mM) and propidium iodide (PI; λEx/λEm= 536/617 

nm) (4 mM) for live and dead cells, respectively, according to the manufacturer’s 

protocol (images were acquired by fluorescence microscopy using GFP and Texas 

Red emission filters). DiOC18(3), a green fluorescent lipophilic stain, will target cell 

membranes, while PI binds to nucleic acids and labels the cells with compromised 

plasma membrane which show a red-nucleus staining. 

 

Hydrogels were prepared as described above and sterilised by exposure to UV light. 

The cytotoxicity of the constructs was assessed by an extraction test according to ISO 

10993-5 standard, as described by previously published studies.266, 275 The gels were 

immersed in DMEM at an extraction ratio of 1 cm3 per 1.25 cm2 of gel surface area 

and incubated for 24 hours. Cells were then plated on a 48-well plate at a density of 

4x104 cells/mL and incubated with the extraction fluid for 24 or 48 hours. The effect 

of the polymer and the hydrogels on cell viability was assessed by the resazurin 

assay previously described. 

 

2.18 Cell encapsulation and release 

H9c2 cells were stained with CellTracker™ green dye (according to the 

manufacturer’s protocol) and suspended in the P4 solution (10 wt%). This cell 

suspension was then mixed with the PVA solutions (7.5 wt%), with or without 

AuNPs, until the gel formation was visually confirmed (< 10 s). Cell-laden hydrogels 

(1x105 cells/mL) were finally incubated for 1-2 days and the culture medium was 

changed every 12 hours. The cells’ morphology was observed under a phase-contrast 

microscope. Thereafter, the cell-loaded gels were dissociated (with glucose, 

temperature or light stimuli), and the recovered cells were resuspended in fresh 

medium and cultured for 2 days (without any polymer) to evaluate their viability 

through the resazurin assay. 
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2.19 Statistical analysis 

The data are presented as mean ± standard deviation (SD) and analysed using the 

SPSS® Statistics software (v22). The statistical significance of differences was 

evaluated by one-way ANOVA using Bonferroni or Games-Howell post hoc tests. 

The level of significance was set at probabilities of *p<0.05, **p<0.01 and ***p<0.001. 
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3.1 Introduction 

The interaction of cells with the outer environment is primarily governed by 

numerous signalling cascades occurring on the cell membrane via ligand-receptor 

interactions, which determine vital processes of the life cycle of cells, including 

differentiation, migration, mitosis and apoptosis signalling.55 Hence, the cell 

membrane is arguably an important cellular organelle to probe and direct specific 

cellular functions for therapeutic and research purposes as it presents a complex and 

dynamic interface capable of chemical and physical restructuring in response to 

external components.276 

Cell surface remodelling (CSR) has emerged as a powerful approach to control 

numerous biological (and often un-natural) functionalities of cells including 

protection from the immune system, cryo-preservation, cell immobilisation and 

encapsulation, biopatterning, receptor targeting, as well as three-dimensional (3D) 

microtissue fabrication and cell therapies.61-62, 120 In recent years, various biochemical 

approaches have been reported to functionalise and/or derivatise the cell membrane 

with various components including nucleic acids,102, 203, 277 peptides,140, 278 synthetic 

polymers92, 95, 279-280 and nanoparticles97, 100, 281-282 for cell therapy, whose reaction 

mechanism typically involves covalent conjugation, electrostatic and hydrophobic 

interactions. CSR is particularly useful in the construction of 3D cell/tumour 

spheroids and cell-biomaterial ensembles for tissue engineering applications as the 

concentration of the synthetic component, i.e. the biomaterial, is minute and hence, 

the possible cytotoxic or immune responses are minimised. 

Current cell aggregation methods by CSR include direct cell membrane 

biotinylation,169-170, 210, 212-213 covalent crosslinking,121, 206, 283 polyelectrolyte,133, 284-285 

hydrophobic218, 286 or ionic-mediated.214, 217, 287 The further development of such 

biomaterial-cellular ensembles at the nanoscale is of paramount importance in order 

to mimic the mechanical, biochemical and interaction cues that occur in the 

physiological setting.148, 153 

An elegant approach of membrane functionalisation with synthetic materials is the 

use of boronic acid or succinimide-containing polymers. Boronic acids can form 

covalent, albeit reversible, complexes with diol groups, especially 1,2- and 1,3-diols 
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(including those in the glycocalyx), in a pH-dependent manner,288-289 and have been 

largely used in cell culture, capture and release, sugar sensing and tumour 

targeting.109-112, 116, 290-293 For example, Hubbell and co-workers explored this concept by 

synthesising phenylboronic acid (PBA)-based copolymers (poly-L-lysine-graft-

(polyethylene glycol; phenylboronic acid)) that could coat the surface of red blood 

cells to prevent their agglutination by lectins and antibodies,107 or by binding PBA 

moieties to glycosylated biological surfaces and thus blocking cell adhesion due to 

steric interaction with the polymer backbone.108 More recently, boronic acid pendant 

groups have been used to mediate the delivery of proteins to the cytosol of cells,115 

and enhance DNA transfection.113 

N-hydroxysuccinimide (NHS) esters are popular reactive groups for protein 

crosslinking and labelling through reaction with primary amines,89, 294 at physiologic 

and slightly alkaline conditions, by taking advantage of lysine, one of the most 

abundant (≈5.9%) and naturally exposed amino acids on the cell surface118, 295-296 

(despite the fact that the length and hydrophilicity of the NHS linker can influence 

the anchoring of the polymer to the lysine binding sites); this chemistry has been 

explored to promote cell rolling response,96 “camouflage” antigens on islets88, 90, 93-94, 297 

and red blood cells surface95, 102 through microencapsulation or ultrathin coating. 

Although in the past, succinimide- and boronic acid-based copolymers have been 

immobilised on the cell surface through complexation with amines or glycosylated 

molecules, respectively, thus far, no one has investigated these systems to induce and 

control the stimuli-triggered formation of cell aggregates (CAs)/spheroids without 

employing metabolic or enzymatic engineering. 

In the present work, we report on two simple cell membrane interacting polymers 

that induce and control rapid cell aggregation cascades in a reversible manner under 

conventional cell culture conditions, as depicted in Figure 3.1. On that account, we 

investigated a cell aggregation model by testing different concentrations of polymers 

in several cell lines and evaluating their biocompatibility, stimuli-response and 

kinetics. Furthermore, we extended this approach to the formation of bioresponsive 

macroscopic cell-laden gels with these polymers, which could act as cellular glues. 

Our proposed strategy it is expected to contribute to the realisation of novel cell-

containing polymer systems that hold promise in cell transplantation and 3D tissue 

modelling. 
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3.2 Results and discussion 

3.2.1 Synthesis and characterisation of the polymers 

The copolymer P1 was synthesised by free radical copolymerisation (FRP) from 

commercially available N-vinyl-2-pyrrolidone (NVP) and 3-

(acrylamido)phenylboronic acid (APBA) monomers using 2,2′-azobis(2-

methylpropionitrile) (AIBN) as the initiator, inspired by previous work of Kitano et 

al.250 NVP acts as a water-soluble and biodegradable element, and APBA as a cis-diol 

reacting moiety targeting cell membrane glycoprotein residues via covalent but 

reversible boronate ester bonds. The resulting copolymer was recovered in high 

yields and the molecular weight was determined by SEC to be 14,100 Da. From the 

Figure 3.1. Illustration of the macromolecular cell surface modification concept with copolymers 
P1 and P2. P1 induces cell aggregation through intercellular diol-boronate ester formation that can 
be reversed by the addition of diol-rich compounds, such as glucose; P2 promotes cell aggregation 
by covalent anchoring on the cell membrane and subsequent formation of cell aggregates due to 
the thermoresponsive type coil-to-globule phase transition of the polymer above its lower critical 
solution temperature. 
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1H NMR spectrum (Figure 3.2a) it was possible to assign the peaks of the polymer 

backbone, and determine the relative monomer feed composition on the final 

polymer based on the phenyl protons of APBA around 7.5 ppm and methylene NVP 

residues at 3.1 ppm, which was found to be 99.4:0.6 (NVP:APBA), similar to the 

initial ratio used in the polymerisation (see Chapter 2). As expected, the PDI of the 

copolymer was relatively broad, which is common for polymers synthesised by FRP. 

Nevertheless, the relatively broad dispersity is not expected to influence the 

physicochemical properties for the target application. 

The synthesis of P2, also by FRP, involved the copolymerisation of di(ethylene 

glycol) methyl ether methacrylate (DEGMA), which acts as a thermoresponsive 

cytocompatible element,298-299 and methacrylic acid N-hydroxysuccinimide ester 

(NHS-MA) acting as a targeting motif of free primary amino groups on membrane 

proteins118, 296, 300 via covalent amide bond formation. The Mn of P2 was found to be 

29,800 Da by SEC. The ratio of the two monomers on the final polymer was also 

determined by 1H NMR (Figure 3.2b) and was found to be 98.6:1.4 (DEGMA:NHS-

MA), which fairly coincides with the starting monomers’ ratio (relative integration of 

peak ca. 2.72 ppm and ≈4.0 ppm region). The rationale of ratios used ensured the 

solubility of the copolymers at physiological pH due to the hydrophobic character of 

APBA and NHS-MA moieties; when their fraction increased above 2%, the final 

copolymers could not be dissolved in PBS. 250, 301 
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Figure 3.2. 1H NMR spectra of (a) P1 and (b) P2 in DMSO-d6 (assignments of characteristic 
resonances were based on analogous spectral data250,301). 
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P2 exhibited a lower critical solution temperature (LCST) onset at sub-cell culture 

temperature conditions (ca. 14 ºC) to enable CAs formation even at room 

temperature. This process is entropic and is governed by the fine balance between 

hydrophilic and hydrophobic moieties: below the LCST, hydrogen bonds between 

water molecules and hydrophilic groups outweighs the excess of free energy related 

to the exposure of hydrophobic groups to water which in turn increases the solubility 

of the polymer; above the LCST, hydrogen bonding between water molecules and 

the polymer weakens, and the hydrophobic interactions are dominant leading to 

phase separation and polymer collapsing. We therefore compared the cloud point 

temperature in different media (water, PBS and DMEM) and no significant difference 

was found as expected (Figure 3.3a). Although this copolymer exhibited a convenient 

phase transition temperature for the targeted application at ambient conditions, the 

thermo-responsiveness onset of PDEGMA-based polymers can then be tailored 

through combination of long ethylene glycol chains (more hydrophilic) with short 

segments (more hydrophobic).302-304 

The TGA traces (Figure 3.3b) showed that P1 displays a two-phase mass loss, one 

from 60-230 ºC, possibly associated to APBA residues, and a sharp thermal 

degradation with onset around 400 ºC, characteristic of PVP, with a residual mass at 

500 ºC inferior to 5%.305-306 P2 exhibited a main thermal degradation onset at 270 ºC, 

which is complete at ca. 410 ºC, as observed in PDEGMA polymers.307 
 

Figure 3.3. (a) Phase behaviour of P2 in PBS (pH 7.4), water and DMEM (mean ± SD from 
triplicates). (b) TGA profiles of P1 and P2. 
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3.2.2 Cytotoxicity of the copolymers 

The cell viability was tested through resazurin and live/dead assays. No significant 

toxicity was observed for both copolymers in human dermal fibroblasts (HDF) at 48 

hours incubation period even at high polymer concentrations (up to 500 µg/mL), as 

shown in Figure 3.4a. The live/dead fluorescence assay supported this observation 

with the majority of cells remaining alive after 48 hours (Figure 3.4d). Cytotoxicity 

evaluation was also extended to A549 (lung cancer) cell line: P1 was found to be non-

toxic (> 80%), whereas P2 demonstrated significant but acceptable cytotoxicity on 

these cells, specially after 48 hours, with a viability above 60% for the concentration 

used throughout the experiments (Figure 3.4b). Overall, cytocompatibility (ca. 90%) 

was observed in H9c2 cells (cardiomyoblasts) for both copolymers even after 72 

hours (Figure 3.4c). It is interesting to note that few dead A549 cells (in red) were 

observed in the live/dead assay of P2 (Figure 3.4e); this dissimilarity may be related 

to the low metabolic activity of the cells to reduce the dye, yet they were still alive. 
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Figure 3.4. The effect of P1 and P2 concentration on the viability of (a) HDF, (b) A549 cells and 
(c) H9c2 cells using the resazurin assay. The data are expressed as percentage of cell viability 
with respect to the control corresponding to non-polymer-treated cells (mean ± SD obtained 
from triplicates, *p<0.05 and **p<0.01). Live/dead fluorescence images of P1- and P2-modified 
(200 g/mL) (d) HDF and (e) A549 cells at 48 h post-treatment; live cells are shown as green, while 
dead cells are stained red (scale bars = 1 mm). 
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3.2.3 Polymer-cell interactions 

The macromolecular CSR approaches employed constitute an innovative concept for 

cell aggregation using biorthogonal reactions between cell membranes and synthetic 

polymers. 

Firstly, we exploited the cell membrane as an anchoring site for boronic acid group to 

form covalent but reversible boronate ester bonds with cell surface glycoproteins (e.g. 

sialic acid moieties); sialic acids are of particular interest due to their relative 

abundance on cell membranes and high binding affinity to PBA.308-309 Therefore, P1 

could induce cell aggregation due to the intercellular crosslinking of neighbouring 

cells that can be reversed by the addition of diol-rich compounds, including 

saccharides, glycoproteins and dopamine, that out-compete the polymer-bound diol 

binding sites. Although the optimum pH for the formation of the boronic acid-diol 

complexes is generally close to 9 (the pKa of APBA is 8.2)251, 310, at physiological 

conditions (pH 7.4), there is still sufficient amount of ionisable boronic acid groups 

(ca. 6% of the total boronate moieties)109, 311 that bind to cis-diols present on the cell 

membrane. One approach to further improve the rate of boronate ester formation 

could be the introduction of cationic groups on the polymer backbone in close 

proximity with the boronic acid to (artificially) reduce the optimum pH close to the 

physiological.312 Although this could be a promising approach, the cationic nature of 

the polymer could potentially trigger coulombic attraction of the polymer and the 

anionic cell membrane, and hence the specificity of this system would be 

compromised. 

In a similar way, P2 was installed on the cell membrane via amide (covalent) 

coupling with free primary amino groups of membrane proteins313 (e.g. lysine 

residues), and triggered cell aggregation due to the thermoresponsive type coil-to-

globule phase transition of the copolymer above its LCST, which increases its 

hydrophobicity and in turn, elicits hydrophobic inter-polymer attractive forces.206 A 

similar approach was reported by Iwasaki et al. who exploited hydrophobic 

interactions to promote the cellular aggregation, at 37 ºC, by anchoring a PNIPAAm 

copolymer on the cell membrane through metabolic means. 
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3.2.4 Formation of cell aggregates  

Having established the properties of the system, we carried out cell assembly 

experiments where we observed that the addition of both copolymers to HDF 

triggered rapid cell aggregation in complete culture media that was fully reversible, 

albeit with distinct de-aggregation mechanisms. P1 and P2 were found to induce the 

formation of CAs at relatively low concentrations (200 µg/mL) within 20 minutes 

(Figure 3.5) even in the presence of serum.  

 

As referred above, the biorecognition properties of the copolymers play an important 

role to form polymer-cells complexes. In order to demonstrate the generic nature of 

the proposed aggregation mechanisms for P1 and P2, we performed the same set of 

experiments on A549 (Figure 3.6) and H9c2 cells (Figure 3.7). Again, both copolymers 

induced the rapid formation of aggregates at similar rates as observed in the case of 

the HDF cell line. 
 

Figure 3.5. Representative phase-contrast microscopy images of CAs formation in presence of P1 
and P2 (200 µg/mL) with HDF over time at 37 ºC (scale bars = 1 mm). 
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To visually monitor the presence of the copolymers on the cell membrane, we 

synthesised fluorescent polymer derivatives of P1 and P2 by incorporating 

fluorescein methacrylate tags on the polymers’ backbone. The cells appeared with a 

characteristic green fluorescent shell in the non-adherent state upon mixing with 

either P1 or P2, proving the direct interaction of the polymers with the cells’ 

membrane (Figure 3.8a). 

Finally, the rate of CAs formation with time was quantified by analysing the clusters’ 

area in the micrographs (which confirmed the findings of visual inspection), where it 

was observed that CAs are formed by the initial growth of small “cell islands” that 

Figure 3.6. Cell aggregation experiments with P1 and P2 in A549 cell line (scale bars = 1 mm). 
The control image is from a polymer-free cell suspension. 

Figure 3.7. Micrographs of cell aggregation triggered by P1 and P2 using H9c2 cells (scale bars = 
1 mm). 
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aggregate together to form larger clusters (Figure 3.8b). The CAs were found to 

increase in a non-linear rate with time with relatively similar fast rates of aggregation 

for both polymers in the first 20 minutes (≈70%), followed by lower rates until the 

aggregates were completed at about 60 minutes.  

It should be noted that the system exhibited remarkably rapid cell aggregation 

compared to other related approaches that require elaborated procedures (e.g. 

metabolic engineering), more specialised/elaborate cell culture conditions and/or 

several hours to reach a similar degree of aggregation.206, 208, 211, 216, 287 

 

In order to probe the specificity of the interaction of the P1-bound boronic acid with 

cell membrane diol-rich carbohydrate residues, a competition assay was performed 

by addition of increasing amounts of glucose in the culture medium (Figure 3.9a). It 

was observed that a gradual increase of the free glucose concentration in the medium 

resulted in a steady reduction of the average size of the CAs up to a critical point 

above which no aggregates could be observed (at 0.05 Μ glucose). 

Analogously, intercellular-type of aggregation was observed owing to the 

hydrophobic interactions of the DEGMA moieties above the LCST of P2. At 

temperatures below the LCST (4 ºC), where P2 is in the globular phase, cells were 

dispersed but when left at room temperature, aggregates could be formed. The 

macroscopic cell aggregation process was found to be fully reversible by simple 

Figure 3.8. (a) Fluorescence microscopy images of P1 and P2-modified HDF (scale bars = 500 
µm). (b) Cellular aggregation kinetics for HDF treated with P1 and P2 (200 µg/mL) as a 
function of time (mean ± SD from triplicates). 
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lowering of the temperature below the polymer’s LCST for ca. 30 minutes followed 

by gentle shaking of the cell culture well plate. Interestingly, it was possible to 

perform a full thermal cycle in order to demonstrate the reversibility of the cell 

aggregation process without compromising the cell ability to adhere and grow 

normally (Figure 3.9b). 

 

Control experiments with APBA-free polymers were conducted where no CAs were 

observed under the same experimental conditions (Figure 3.10a). Additional negative 

control experiments were performed to probe the specificity of the coil-to-globule 

transition of P2 on the CAs formation; a PDEGMA homopolymer (without the NHS 

residue) was used and, indeed, we observed the absence of CAs (Figure 3.10b). In a 

second control test, a scramble non-thermoresponsive PEG polymer was used to 

eliminate the possibility of viscosity-triggered type of cell aggregation that has been 

observed in erythrocytes cultures upon addition of PEG-based polymers314 (see 

Figure 3.9. (a) P1-glucose competition assay; gradual reduction of the cellular cluster size 
due to glucose concentration increase. (b) Temperature-controlled aggregation of P2-
treated HDF (200 µg/mL) across the LCST (scale bars = 1 mm). 
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Figure 3.10c). Therefore, it is concluded that the mechanism of aggregation is derived 

from the intercellular diol-boronate ester formation for P1, and the covalent 

anchoring of P2 on the cell membrane concerted by temperature modulated coil-to-

globule polymer transition that macroscopically drives the process. 

 

3.2.5 Cell-laden gels 

Inspired by the interaction between cells and extracellular matrix in the complex 

biological environment and the rapid and reversible formation of the previously 

CAs, we explored the ability of the cells and the polymers to coordinate through 

multiple adhesive connections to form macroscopic “cellular glues”, which could 

create cell-rich gel type biomaterials for tissue regeneration315-316 or the formation of 

millimetre sized 3D tumouroids317 for in vitro modelling applications. In this 

approach, the cells serve as active structural elements within the polymer matrix, 

where each polymer chain is attached simultaneously to multiple ligands of the 

surface of adjacent cells creating a 3D network. 

In this context, an interesting example was reported by Lee et al. who prepared a 

RGD-modified alginate polymer that was mixed with living cells (at a concentration 

of 1.5x108 cells/mL).318 The integrin receptors on the cell surface could bind and 

crosslink multiple polymer chains of the RGD-functionalised alginate that stabilised 

the polymer-cell suspension, and formed a soft gel (1 < G’ < 20 Pa) with mechanical 

properties that were dependent on the cell density used. When a non-modified 

alginate solution was used, no gelation was observed, which demonstrated the 

specificity of the process. Meier and co-workers described cell-material crosslinked 

networks formed by polymers bearing hydrophobic end-groups (α-ω-cholesterol-

Figure 3.10. Optical microscopy images of HDF mixed with (a) PVP, (b) PDEGMA and 
(c) PEG after 1 h incubation period (scale bars = 1 mm). 
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modified poly(oxyethylene)) that could be inserted into the hydrophobic region of 

the lipid bilayer and interconnected the cells (100 < G’ < 500 Pa).319 More recently, 

Javvaji et al. synthesised a hydrophobically-modified chitosan or alginate polymer (5 

mg/mL) that was combined with human umbilical vein endothelial cells (1.35x105 

cells/mL), by anchoring on the cell membrane via hydrophobic effects, and capable of 

gelling the suspension (G’ ≈10 Pa).320  

Strikingly, in our system, both copolymers could form macroscopic cell-laden gels 

under physiological conditions observable by the naked eye (gels that are able to 

hold their own weight upon vial inversion); the gels could be then reversibly turned 

to their corresponding sol state and release their cellular cargo either by the addition 

of glucose, which saturates the boronic acid groups (in the case of P1), or by lowering 

the temperature below the LCST of P2 (hydrophilic state), as illustrated in Figure 

3.11a. We observed that the variation of the polymer-cell ratio feed could influence 

the gelation behaviour, and the gels could remain stable for hours without significant 

physiological alteration of the cells tested. Moreover, no gelation was observed when 

the cells were mixed with only PVP or PDEGMA homopolymers, which 

demonstrates the specificity of the cell-mediated gelation by the proposed two 

different mechanisms.  

Rheological measurements further corroborate the sol-gel transition of the polymers 

controlled by their correspondent stimuli (Figure 3.11b). Both soft gels presented a G’ 

higher than G’’ over the frequency range tested with negligible variation (i.e. elastic 

character predominated, typical of gel-like response). The values of the modulus (G’ 

≈110 Pa) are similar to those described earlier given that the cells act as active 

crosslink points. After the addition of glucose, the G’ of P1-based gel was lower than 

the G’’ and both moduli demonstrated a frequency-dependent behaviour due to the 

sol-type transition (lower crosslinking density). The temperature reduction below 14 

ºC in the case of P2-based gel caused a similar disruption of the polymeric network 

and consequent viscous response (G’’ > G’).  
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3.3 Conclusion 

In conclusion, we have synthesised by simple means “smart” polymers that trigger 

and control cell aggregation in a fully reversible manner by two different routes; a 

boronic acid-based copolymer and a thermoresponsive succinimide copolymer were 

exploited as anchoring ligands by cell surface engineering approaches to probe 

dynamic self-assembly. This implies that our proposed materials can be used to 

manipulate cell populations under common cell culture conditions owing to their 

simplicity of interactions with the cell membranes. Their biocompatibility, stimuli-

switchable behaviour and minute concentration used in complete culture medium to 

induce cellular aggregation within minutes offer great advantages over analogous 

approaches. Furthermore, the high specificity, multivalency and flexibility of the 

polymer design suggest that these materials could be used to study polymer-cell 

Figure 3.11. (a) Photographs of (I) P1 and (II) P2 forming self-supporting gels at room 
temperature. Deconstruction of the gels can be easily achieved simply by addition of free 
glucose in P1 gels (III), or by lowering the temperature below the LCST of P2 (IV). (b) Dynamic 
viscoelastic properties of P1- and P2-based cell laden gels with/without glucose addition and 
after temperature variation across the LCST, respectively. 
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interactions and mimic biological phenomena with potential use in cell therapies and 

in vitro cell modelling. Hence, we anticipate that this concept will find uses as 

injectable “cellular glues” for tissue engineering and cell transplantation, the 

formation of 3D cell spheroid models, cell sensing and biomolecular applications. 
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4.1 Introduction 

Over the years, three-dimensional (3D) cell culture has emerged as a useful model 

that accurately probes spatial aspects of cell-cell interactions and physiological 

gradients, and preserves cellular viability, function and phenotype that fail to 

recapitulate in conventional two-dimensional (2D) culture.147-148, 321-322 Also, 3D cell 

culture systems can establish an in vivo mimicking microenvironment that provides 

deeper insights into cell differentiation, proliferation and gene expression that allow 

for a more realistic disease and organ modelling for cell therapeutics and drug 

screening applications.149, 153, 158, 323 

The self-assembly of cells into a spherical-type of 3D microenvironment with 

intensive cell-cell contacts and cell-matrix interactions constitutes a notable example 

of these systems.159, 178 In particular, cell spheroids have found numerous applications 

in tissue engineering, cell transplantation studies and the development of avascular 

tumour models.177, 324-326 Various approaches (either scaffold-free and matrix-based) 

have been developed to induce cellular aggregation using either “passive” or 

“active” methods, which comprise stationary culture on non-adherent 

microstructures184, 327-328 or thermoresponsive polymeric surfaces,329-331 spinner 

flasks,186 rotary332 and hanging-drop culture systems.180, 191, 333 However, these methods 

often require days to form robust spheroids or are labour and cost-intensive.178, 334 

Alternative methods comprising microfluidics197, 335-338 or magnetic forces169, 192, 339 have 

also been reported that significantly improve the speed, throughput and cost of 

spheroid formation, but in most cases specialised equipment and culture conditions 

are required, which are not always available in most biomedical laboratories. 

Chemical derivatisation of the cell membrane constitutes a powerful approach to 

selectively induce and control the aggregation of cell populations in a highly 

controlled manner.61-62, 85, 218, 340-341 Cell membrane engineering methods have been 

reported that induce cellular aggregation via membrane biotinylation,170, 210 covalent 

crosslinking,93, 206, 217, 227 hydrophobic172, 286 and Coulombic/ionic interactions,133, 214-215 or 

nucleic acid recognition.102, 203-204  

In the previous chapter, we reported on polymers that act as macromolecular 

crosslinkers of cell populations either by exploiting the covalent derivatisation of the 
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cell membrane by suitable succinimide chemistries or by the covalent but reversible 

membrane modification via the formation of boronate esters. Having established the 

principles of polymer-cell interaction through cell surface remodelling to promote 

cellular aggregation, we sought to extend the concept to the development of more 

complex 3D systems that resemble the nature of most tissues. 

Herein, we present a “smart” copolymer, combining thermoresponsive character and 

boronic acid chemistry in a single system, which induces the rapid cell aggregation 

process via two distinct mechanisms, namely, the formation of boronate ester 

crosslinks on the cell membrane and a thermally triggered acceleration of the kinetics 

of aggregation owing to the hydrophobic interactions above the lower critical 

solution temperature (LCST) of the polymer (Figure 4.1). The copolymer is found to 

considerably accelerate the formation of cell aggregates (CAs) and well-defined 

spheroids at significantly lower incubation times compared to untreated controls 

under common cell culture conditions; the polymer responds sharply to stimuli, such 

as temperature and glucose, which allows for precise control of the kinetics and the 

size of the aggregates. More importantly, it is demonstrated that the method is 

insensitive to the cell line used, which renders the concept generic, implying that it 

could find applications in a diverse range of research fields, such as the development 

of micro-tissues, 3D tumouroid and/or organ modelling, drug screening and cell 

therapeutics.177, 342 
 

Figure 4.1. (a) Chemical structure of the copolymer. (b) Schematic diagram of the formation of 
CAs: macromolecular cell surface modification with P3 induces cell aggregation through 
intercellular diol−boronate ester crosslinking and thermoresponsive coil-to-globule phase 
transition. 
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4.2 Results and discussion 

4.2.1 Synthesis and characterisation of poly(NIPAAm-co-APBA) 

The copolymer P3 was synthesised by free radical polymerisation from commercially 

available monomers, namely, NIPAAm and APBA (Figure 4.1a).343  The final product 

was isolated in good yield and the chemical composition of the polymer was 

confirmed by 1H NMR, which showed characteristic aryl proton peak from APBA in 

the region 7.0-8.0 ppm and typical peaks of the isopropyl NIPAAm residues around 

1.0 and 3.8 ppm (Figure 4.2a). These peaks were used to determine the ratio of the 

two co-monomers on the polymer backbone, which was found to be 98.2:1.8 

(NIPAAm:APBA), fairly similar to the initial monomer feed (see Chapter 2); it should 

be noted that the integration of the isopropyl peak of NIPAAm in relation to the 

aromatic protons of APBA is somewhat arduous because it is partially overlapped by 

the NH- segment,344 which, nevertheless, could be minimised by using deuterium 

oxide as solvent (owing to proton exchange). The Mn of P3 was determined by SEC to 

be 35,900 Da. 
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Figure 4.2. 1H NMR spectra of (a) P3 and (b) PNIPAAm (DMSO-d6). 
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Influence of glucose and pH on the cloud point 

PNIPAAm is a widely used polymer that exhibits a coil-to-globule phase transition 

temperature around 32 ºC.44, 345 Below this temperature, the hydrogen bonding 

between hydrophilic amide groups and water molecules outweighs the excess of free 

energy related to the exposure of hydrophobic isopropyl groups which increases the 

solubility of the polymer. Conversely, at temperatures above the LCST, the hydrogen 

bonds weaken and the hydrophobic interactions are dominant driven by the entropy 

increase as water molecules start to escape to the bulk solvent (thermodynamically 

favourable), which leads to a reversible phase separation and polymer collapsing 

from expanded coil (soluble) to compact globule (insoluble) form. This temperature 

can be tailored by copolymerisation with hydrophilic or hydrophobic monomers 

with various macromolecular design that have been exploited in a variety of 

biomedical applications.346  

The LCST onset of the copolymer in PBS and DMEM was determined by UV/Vis 

spectroscopy and was found to be 32 ºC and 34 ºC, respectively (Figure 4.3a). It 

should be noted that the LCST value in PBS (pH 7.4, 0.01 M) is very close to values 

reported for PNIPAAm homopolymers in water,347 which means that the ionic 

strength of the PBS used was not sufficient to induce significant salting-out effects;348-

349 the low APBA feed (1.8%) was also not sufficient to lower the LCST onset, despite 

its hydrophobic character.350 In addition, given that the ratio of propagation and 

termination rate constants of acrylamide monomers is higher than that of 

styrenics,351-352 implied that the APBA distribution across the polymer chain is not 

uniform and therefore, the overall phase transition of the final product is likely to 

behave similarly to PNIPAAm homopolymer analogues.  
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On the other hand, the impact of glucose binding to P3 on the LCST onset is apparent 

in DMEM. As mentioned earlier, boronic acids exist in a dynamic equilibrium 

between neutral trigonal and anionic tetrahedral borate geometries (Scheme 4.1), 

which is dictated by the solution pH and diol concentration. The increasing 

concentration of glucose shifts the equilibrium towards the anionic boronate form 

(hydrolytically stable), decreasing the apparent pKa of the boronic acid and the 

fraction in the uncharged state, which results in the increase of the free energy due to 

the enhanced hydrophilicity of the polymer chains. This equilibrium between bound 

and free glucose is driven by the pKa of the boronic acid and the diol, and diol 

dihedral angle.104 The glucose-boronate ester complexes formed increase the overall 

solubility of the polymer that shifts the LCST onset to higher temperatures.311, 350, 353 

Finally, the phase transition of the polymer in DMEM is complete at 36 ºC, that is, 

Figure 4.3. (a) Phase behaviour of P3 in PBS (pH 7.4) and DMEM. (b) The effect of glucose 
concentration on the LCST of P3 in PBS (pH 7.4). Cloud point measurements (c) without 
and (d) with 0.05 M glucose solution at different pH values (mean ± SD from triplicates). 



Accelerated formation of cell spheroids induced by a “smart” boronic acid copolymer 

 100 

below cell culture conditions, allowing for a good temperature and pH-working 

window to interact with cells in vitro. 

 

We then sought to exploit the sensing nature of P3 polymers by studying the 

influence of glucose concentration at different pH values on the LCST. The 

hydrophilicity is pH-dependent as the optimum pH of phenylboronic acid (PBA) 

binding to diols is around 8.8,104 although we observed that the binding phenomenon 

was apparent at physiological pH, which is more relevant for cell culture conditions. 

Moreover, previous works showed that pKa values of boronic acid-containing 

polymers decrease with increasing glucose concentration due to the stabilisation of 

the anionic borates through complexation with diols.290 As depicted in Figure 4.3b, a 

glucose-dependent behaviour was observed at pH 7.4 in PBS, where approximately a 

3 ºC increase on the LCST onset is exhibited with 0.05 M glucose; this is attributed to 

the fact that only a fraction of the boronic acid moieties are ionised and able to 

sequester the diol. Control experiments without glucose but varying the pH were 

conducted to observe its effect on the copolymer cloud point, as the boronic acid 

group is ionisable and expected to be more hydrophilic in alkaline conditions. The 

pH increasing led to the increase of the cloud point ca. 1 ºC and 3 ºC for pH 9.2 and 

11, respectively, when compared to pH 7.4 (Figure 4.3c), suggesting the formation of 

boronate anion (tetrahedral) species. In the presence of 0.05 M glucose (Figure 4.3d), 

the LCST onset of P3 significantly shifted to higher temperature range with 

increasing of pH, with a significant glucose sensitivity. Consequently, the thermal-

responsive behaviour is greatly dictated by the pH, concentration, buffer nature, 

hydrophilic/hydrophobic balance of the polymer chain and glucose content of the 

medium. 
 

Scheme 4.1. Equilibria of PBA group, in aqueous media, between the uncharged trigonal 
form and the tetrahedral boronate anion in the presence of glucose. 
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4.2.2 Cytotoxicity assessment of P3 

The cytocompatibility of the copolymer was assessed through the resazurin assay 

(see Figure 4.4). Cells were incubated with P3 at concentrations ranging from 25 to 

1000 µg/mL over a 7-day culture period. After 48 hours, high cell viabilities (around 

98%) were observed for all P3 concentrations, while after 72 hours, a minimal 

decrease was observed still with an overall cell viability above 80%. The cytotoxicity 

assay performed on H9c2 (cardiomyoblasts) cell line confirmed that the polymer 

exhibited minimum cytotoxicity, even at concentrations significantly higher than the 

required to induce cell aggregation. 

 

4.2.3 Polymer-induced formation of cellular aggregates 

Cellular aggregation studies were first conducted using H9c2 cells as a model. The 

formation of CAs was achieved by simple mixing of P3 at low concentrations (25 

µg/mL) with cells suspended in complete culture medium. P3 was found to rapidly 

induce the formation of large CAs at relatively short times, at temperatures above (37 

ºC) and below the LCST (25 ºC), as shown in Figure 4.5a-h. Detailed monitoring of 

the CAs formation kinetics revealed that P3 could form larger aggregates above the 

LCST compared to the experiments performed at room temperature. Hence, we 

concluded that P3 induces aggregation mainly via two driving forces: 1) the inter-

cellular crosslinking of neighbouring cells by the formation of reversible diol-

boronate ester bonds with the sialic acids (or other cis-diol-rich residues) on cell 

Figure 4.4. Effect of the copolymer concentration on H9c2 cell viability. The data are 
expressed as a percentage of the cell viability with respect to the control corresponding 
to non-polymer-treated cells (mean ± SD obtained from triplicates). 
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surface glycoproteins,109, 111, 121, 354-355 and 2) the hydrophobic interaction of the polymer 

chains driven by the coil-to-globule phase transition of NIPAAm above the LCST,206, 

356-357 which further augments the formation rate of the CAs (as depicted in Figure 

4.1). The specificity of the interaction was further confirmed by observing cells 

without any polymer (Figure 4.5i, j) or by mixing cells with a PNIPAAm 

homopolymer (Figure 4.5k, l), where the absence of CAs was confirmed below and 

above the LCST. 
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Figure 4.5. (a−h) Representative phase-contrast microscopy images of CAs formation over time 
at 37 and 25 °C by the addition of 25 µg/mL of P3. (i, j) Control (untreated) cells, and (k, l) 
PNIPAAm-treated cells after a 60 min incubation period (scale bars = 1 mm). 
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To investigate the attachment of the copolymer on the cell membrane, a fluorescent 

P3 derivative was synthesised. A characteristic green fluorescent signal was 

observed, indicative of the specific interaction of the polymer with the cell membrane 

(Figure 4.6). Akimoto and co-workers have reported that the intracellular uptake and 

cytotoxicity of solubilised PNIPAAm-based polymeric micelles are relatively low 

within 24 hours.358 

 

Finally, in order to probe the role of the diol-boronate ester bond in the formation of 

CAs, competition experiments with free glucose added in P3-cell suspensions were 

performed to determine the minimum concentration of free glucose required to 

completely inhibit the formation of CAs (Figure 4.7), which was found to be 

significantly higher (0.1 M) than the existing glucose concentration in the culture 

medium (≈0.02 M). 

Figure 4.6. Fluorescence microscopy image of H9c2 CAs incubated 
with the fluorescent P3 after 1 h incubation time (scale bar = 400 µm). 

Figure 4.7. Glucose-polymer competition assay (scale bars = 1 mm; 2 h incubation time). 
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4.2.4 Effect of P3 concentration on cellular aggregation 

To further elucidate the role of the copolymer concentration on the aggregation 

mechanism, cells were incubated with P3 at increasing concentrations (25 µg/mL to 

500 µg/mL) below and above the LCST. Although P3 could induce extensive CAs 

formation at 25 and 50 µg/mL as discussed previously, the further increase of P3 

concentration (for example to 100 µg/mL or above), as shown in Figure 4.8, triggered 

an interesting phenomenon in the aggregation activity: the average size of the cell 

aggregates was significantly reduced, while at polymer concentrations of 500 µg/mL 

no cell aggregates were observed. We attribute this observation to a steric effect,359-360 

where free non-cell-anchored polymer chains repulse and inhibit the interaction of 

cell bound polymer chains resulting in the macroscopic prevention of cell assemblies. 

Therefore, we decided to systematically analyse the effect of the temperature below 

and above the LCST at different polymer concentrations in more detail (see Figure 

4.9). 

 
At P3 concentrations up to 200 µg/mL, an increasing size of CAs was observed over 

time for both temperatures but at different rates. As expected, the aggregation rate 

was significantly more pronounced when the temperature was above the polymer’s 

LCST, particularly, at concentrations of P3 below 100 µg/mL. A closer look reveals 

that after 30 minutes, the average aggregate size almost doubles in comparison with 

Figure 4.8. Microscopy images of CAs formation in the presence of 200 µg/mL of P3 at (a) 37 °C 
and (b) 25 °C (scale bars = 1 mm). 
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the same conditions below the LCST, while after 60 minutes the CAs formation is 

completed. At 200 µg/mL of P3, moderate formation of CAs is observed, which does 

not exceed 45% of the total area of aggregation (considering as 100% the incubation 

of cells with P3 at 25 µg/mL) after 90 minutes irrespective of the temperature 

incubation. Finally, at 500 µg/mL, little CAs were observed after 90 minutes of 

incubation, and nearly no aggregation occurred for untreated cell suspensions. 

From this set of data, it is proposed that cell aggregation process is composed by 

three phases: a transient organisation of discrete small cell clusters formed in the first 

15 minutes, followed by a nearly linear growth of the CAs between 15-60 minutes, 

and a final ripening phase of established aggregates growth taking place after 60 

minutes of incubation due to cadherin-cadherin binding. 

 

Figure 4.9. The effect of P3 concentration and culture time on the degree of aggregation (a, b) of 
H9c2 cells and average apparent raw area of the clusters (c, d) at 25 ºC and 37 °C (mean ± SD 
from three randomly selected images). The cells aggregated rapidly and were tightly packed 
after 30 min above the LCST. Afterwards, the rate of aggregation gradually decreased but did 
not stop until approximately 60 min. 
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To demonstrate the generic nature of the proposed aggregation mechanism, we 

performed the experiments on a hepatoma cell line (HepG2). P3 also induced the 

rapid formation of aggregates at similar rates as observed in the case of the H9c2 cell 

line (Figure 4.10), which further corroborates our proposed concept that the diol-

boronate type of macromolecular cell surface remodelling could indeed serve as a 

general one-polymer-fits-all approach for mammalian cell lines. 

 

4.2.5 Viability of the cell aggregates in 2D culture 

Encouraged by the previous results, cytotoxicity studies of the CAs formed with P3 

at different concentrations were performed using the resazurin assay. Twenty-four 

hours after aggregation, the cell death rates were found to be statistically 

insignificant, as observed in Figure 4.11. However, 72 hours post-formation, the 

death rate significantly increased (ca. 30%) for lower polymer concentrations as a 

result of the prominent aggregation process, while low cell death rates (around 10-

20%) were observed for high concentrations of P3, where the CAs density and size is 

inferior. These results underline the fact that low polymer concentrations exert a 

stronger effect on the aggregation mechanism, which in turn results in higher cell 

death rates, implying that it is the aggregation process that leads to increased cell 

death rates and not the polymer itself. 

Figure 4.10. HepG2 cell aggregation experiments: microscopy images show the increase of cell 
density over time; the control image is from a polymer-free cell suspension (scale bars = 1 mm). 
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Furthermore, the viability of these CAs was additionally assessed using a live/dead 

assay. Figure 4.11 also shows that the majority of the cells in the aggregates were 

viable after a 24 hours incubation period with P3, while at 72 hours, the cell viability 

decreased. Both assays demonstrated high cell viability 24 hours after CAs formation 

followed by a steady decrease of the cell viability over time, especially for low 

concentrations of P3. This trend can be correlated with the average size of the CAs, 

which increases inversely with P3 concentration and in turn triggers hypoxia 

conditions at the centre of the aggregates, leading to lack of nutrients and oxygen of 

the innermost cells. This phenomenon is more clearly demonstrated in experiments 

that involved the formation of cell spheroids with the use of P3 (see 4.3.9). Although 

the fluorescence microscopy images of the CAs show an increase of cell death after 

72 hours, it is interesting to note that they suggest there are more dead cells found 

with the metabolic assay compared with the live/dead fluorescence assay. We 

attribute this difference to the fact that non-polymer-treated cells could have 

proliferated more than those in the CAs, which results in the decrease of the overall 

cell viability ratio, especially for low concentrations of P3.  
 
4.2.6 Spheroid formation (self-organisation) 

Having established the conditions required to form robust CAs using P3, we sought 

to test the capability of the copolymer to form scaffold-free spheroid/cardioid models 

by using non-adherent well plates, which are widely used for the growth of cell 

aggregates/spheroids. Figure 4.12 and Figure 4.13 illustrate the formation of 

spheroids comprising H9c2 cells in ultra-low attachment (ULA) flat and round 

bottom microplates, respectively. 

In the ULA flat surface, a significant degree of aggregation between cells can be 

observed even 30 minutes post-seeding. The cells further agglomerate to form a more 

compact CA after 1 hour, which continues to grow gradually. Subsequently, the 

aggregate formed a large compact spheroid-like structure with indistinguishable cell-

cell boundaries by day 2 (Figure 4.12a).  
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The minute addition of polymer into the cells suspension seems to promote the 

spheroid formation. Microscopy visualisation of polymer-free cell cultures show that 

only small clumps of cells were formed after 24 hours, which contrast with the large 

and dense aggregates created with P3-treated cells at the same time period. 

Interestingly, the control samples could not form large and well-defined cell 

spheroids after 48 hours (Figure 4.12b), which clearly signifies the role of P3 in the 

Figure 4.11. Live/dead fluorescence images of P3-treated H9c2 cells after (a) 24 h and (b) 72 h. 
Live cells are shown in green, while dead cells are stained in red (with white circles for optical 
guidance; scale bars = 1 mm). (c) Cell viability studies using resazurin assay at 24 and 72 h after 
the formation of CAs. The data are expressed as a percentage of the cell viability with respect to 
the control corresponding to untreated cells (mean ± SD obtained from triplicates). Asterisks 
(*p<0.05, **p<0.01 and ***p<0.001) indicate values that differ significantly from the control. 
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acceleration of the maturation period of the formation of spheroids under the tested 

conditions.  

 

To monitor whether P3 influences the kinetics of construction of spheroids in U-

shaped ULA surfaces, we incubated the cells with or without P3, and observed them 

under the microscope over time, as shown in Figure 4.13.  

Strikingly, the most active period of aggregation occurred in the first 60 minutes for 

the P3-treated cells, where a clear spherical pattern of cells was observed. This rate 

was significantly higher than that observed for the untreated cells, where it was 

found that the cells aggregated in a much slower rate and formed less well-defined 

spheroids 48 hours post-incubation. Again, it is concluded that P3 significantly 

accelerates the formation of cell spheroids by at least 24 hours in the round-shaped 

well plates. Nearly indistinguishable spheroids between polymer-treated and non-

treated samples are obtained only after 72 hours. 

The results emphasise the advantages of the system when compared to similar 

methods that could only form spheroids with undefined morphology and of inferior 

Figure 4.12. Microscopy images of H9c2 cell spheroids culture on ULA flat bottom culture plates, 
in time sequence, treated with (a) P3 (25 µg/mL) and (b) polymer-free cells (scale bars = 1 mm; 
inset image, scale bar = 400 µm). The cells were seeded at a concentration of 5×104 cells/well. 
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average size using the same cell seeding concentration, or had significantly slower 

kinetics to construct mature spheroids (over 3 days).180, 219, 222, 361 
 

 
4.2.7 Quantitative analysis of cell aggregates/spheroids 

Based on the microscopy images, we further conducted quantitative analysis of the 

cellular aggregated area (projected) in flat bottom well plates. It was found that the 

overall area was independent of P3 concentration (in the range 25-200 µg/mL, Figure 

4.14a). More importantly, P3 resulted in a nearly 3-fold increase in the aggregated 

area compared to the polymer-free control (**p<0.01), 48 hours post-incubation. 

In the case of the cells incubated in round-shaped surface plates, it was found that 

after 24 hours, the projected area differences between polymer-treated and non-

treated cells were not statistically significant and the spheroids were almost identical 

(Figure 4.14b). Significant compaction of the cell spheroids was more obvious by day 

2, as evidenced by the significant reduction of the diameter. This reduction of the 

average size after 48 hours is probably attributed to the fact that we capture image 

areas within the x-y axes of the optical plane of the microscope, which means that if 

Figure 4.13. Micrographs of H9c2 spheroids culture on ULA round bottom plates treated with (a) 
P3 (25 µg/mL) and (b) polymer-free cells (scale bars = 500 µm). The aggregates were formed at a 
cell seeding density of 1×104 cells/well. 
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the cells continue to grow in a spheroid-type of geometry (that is evidenced by the 

characteristic darkening hue of the spheroids under the optical microscope), they 

should increase their overall volume along the z-axis which is virtually impossible to 

capture with the optical microscope. Therefore, from this set of experiments, we 

conclude that gravitational force is probably the main driving mechanism for the 

spheroid formation in the U-shaped well plates, which undermines the polymer-

augmented cell-cell interactions that were observed in the flat ULA surfaces. 

However, a careful inspection of the microscopy images shows that the P3-formed 

cell spheroids in round ULA well plates exhibit faster maturation (as evidenced by 

the darker hue of the spheroids under the optical plane, Figure 4.13 and Figure 4.15, 

at 48 and 72 hours incubation time) and have better defined texture, regardless of the 

fact that their average sizes at the same time periods are not significantly different 

from their non-polymer treated counterparts. Another phenomenological conclusion 

is that the cells first agglomerate in a large 2D-like aggregate, which at later stages is 

transformed into a compacted spherical aggregate, implying that an intra-spheroid 

mechanism is present, such as cell adhesion forces (eventually integrin and cadherin 

proteins), that results in the reorganisation of the 2D structure to the well-defined 3D 

spheroid formation. 
 

Figure 4.14. (a) Average spheroids’ area (projected) formed with different P3 concentrations in 
a flat surface plate at 48 h (5×104 cells/well). (b) Average spheroids’ surface area as a function of 
time in U-shaped surfaces (1×104 cells/well). The data are expressed as mean ± SD obtained 
from three experiments (**p<0.01 with control and #p<0.05 between groups). 
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4.2.8 Influence of cell number on spheroids culture 

Following the previous results, we explored the relationship between the cell seeding 

density and the average size of the spheroids that could be formed (Figure 4.15). Cell 

spheroids were formed with P3 at 25 µg/mL using different cell number per well 

(2×103, 5×103 and 1×104). In all three cell densities tested, well-defined cell spheroids 

were formed over a period of 48 hours (Figure 4.15a-c). Interestingly, optical 

microscopy images revealed an increased compaction of the cells with time and a 

well-defined characteristic circular shape with indistinguishable cell boundaries even 

for the spheroids formed with the lowest number of cells. As expected, the reduction 

Figure 4.15. (a−c) Spheroids formed in round bottom microplates with H9c2 cells 
using 2×103, 5×103, and 1×104 cells/well, respectively. The incubation period is 48 h 
with 25 µg/mL of P3 (scale bars = 200 µm). (d) Average spheroids’ area (projected) as 
a function of the cell number per well determined by optical microscopy. The data 
are expressed as mean ± SD from three experiments (***p<0.001, **p<0.01 and 
*p<0.05). 
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of the average size of the spheroids was proportional to the decreasing number of 

cells in each well (Figure 4.15d), implying that it is possible to design custom-sized 

spheroids with P3 simply by adjusting the initial cell seeding density. 
 

4.2.9 The fate of 3D cell culture 

Subsequently, we examined the viability of the cell spheroids using a live/dead 

assay. Figure 4.16 depicts live/dead fluorescence images of the cell spheroids with 

different cell seeding densities incubated with P3.  

The H9c2 cell spheroids exhibited an overall strong green fluorescent signal 

corresponding to live cells, although some dead cells (red signal) were also found. 

Interestingly, most of the cells at the periphery of the spheroids are alive, whereas 

dead cells are mostly found at the innermost part of the spheroids and are spread 

evenly within the volume of each spheroid compartment. This colour pattern is more 

noticeable for cell concentrations above 5x103 cells per well. Only 15% of the cells 

were found dead after 5 days, even for the control polymer-free-formed spheroids, 

when cell number is ca. 2x103. However, ca. 40% dead cells were found in spheroids 

with 1x104 cells per well. These agglomerates with diameters, typically, above 200 

µm, develop chemical gradients where the innermost cells become quiescent and 

eventually die via apoptosis or necrosis, while cells located at the periphery are 

actively dividing,162, 362 as is evidenced by the homogenous green layer formed 

around the spheroids. 
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We also observed that cellular viability was independent of P3 concentration (Figure 

4.17). It is concluded that there is a strong inverse correlation of the cell viability with 

the average size of the spheroids, and in order to eliminate extensive cell death 

within the spheroids, the latter should be preferably designed with relatively low cell 

seeding densities (i.e. below 5x103 cells/well). Therefore, our proposed copolymer 

could find useful applications in the construction of cell spheroids suitable for cell 

therapeutics, or the modelling of cancer tumouroids and hypoxia patterns.  
 

Figure 4.16. (a−c) Fluorescence microscopy images of live/dead assay of H9c2 cell 
spheroids at 5 days of incubation with P3 at 25 µg/mL using 2×103, 5×103, and 1×104 
cells/well, respectively (scale bars = 200 µm). (d) Quantification of cellular death in 
the spheroids. The data are expressed as mean ± SD of at least three selected images 
for each condition (**p<0.01 and *p<0.05). 
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4.3 Conclusion 

In a wider context, the construction of 3D cell culture models for biomedical 

applications poses several technical challenges depending on the targeted 

application, which has led to the development of various 3D culture methods. For 

example, the formation of cell spheroids is usually conducted either by scaffold-

based (including hydrogels, patterned constructs and microfluidic devices) or 

scaffold-free (e.g. hanging drop method, rotating bioreactors, etc.) methods that have 

their own merits in terms of applicability, scalability and cost.  

We believe that our proposed method can be integrated with many of the 

aforementioned methods as it has certain advantages in that 1) it is straightforward 

and inexpensive, 2) it comprises a non-toxic synthetic polymer that exerts strong cell-

cell aggregation motifs at micromolar concentrations, 3) it accelerates significantly 

Figure 4.17. Live/dead assay images of spheroids after 5 days incubation with (a) 50 µg/mL 
and (b) 100 µg/mL of P3, and (c) polymer-free cells (scale bars = 200 µm). (d) The percentage 
of dead cells found in the spheroids for different concentrations of P3 (1×104 cells/well). Data 
represented as mean ± SD from triplicates. (e) Spheroid pathophysiological gradient model 
showing the depletion of vital nutrients at the centre of the spheroids, resulting in increased 
cell death. 
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the complete formation of cell aggregates/spheroids (for example, as it was 

demonstrated in ULA surfaces where the formation time was faster by at least 24 

hours), 4) it is perfectly compatible with widely used cell culture kits and sera, 5) it is 

generic regardless of the cell line as virtually most cell lines have glycosylated 

residues on their cell membrane, which are all potential chemical anchors of the 

boronate-rich polymer, and 6) it exerts robust aggregate kinetics (concentration-

dependent) owing to the covalent nature of the boronate bonds, albeit is highly 

controllable and reversible by the addition of free glucose or the control of the 

polymer’s LCST onset. 

In conclusion, we anticipate that such macromolecular cell surface remodelling 

approaches will fuel the field of chemically promoted 3D cellular constructs that 

could further boost the development of cell culture protocols and methods for tissue 

engineering, cell therapies and ex/in vivo modelling studies. 
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5.1 Introduction 

Self-healing is an intrinsic property of living organisms that allows them to sustain 

their homeostasis in hostile environments in the event of injury.363 Evolution has 

driven the development of intricate healing mechanisms that combine a multitude of 

(bio-)chemical reactions and signals in an extremely synchronised manner that 

endows reliable recovery of key functions of damaged tissues to their initial 

functional state. From a materials point of view, it is possible to mimic certain aspects 

of self-healing towards the construction of healable materials that can repair micro-

cracks automatically and autonomously.364-366 

In recent years, interesting chemical strategies have emerged to embed self-repair 

properties in bulk materials, which include the incorporation of healing agents in the 

form of nanoparticles/capsules or the introduction of dynamic/reversible chemical 

bonds as structural elements of the bulk material.231, 239, 367-368 The latter approach is 

particularly interesting and challenging in that suitable chemistries must be adopted 

that do not compromise the end-functionality of the designed material. Notable 

approaches of this method include the construction of healable polymer networks 

based on the exploitation of hydrogen bonds,369-371 π-π stacking type of interactions,372-

373 host-guest recognition events,374-377 electrostatic interactions,378-380 metal 

coordination,381-383 acylhydrazones,384-385 reversible (hetero) Diels-Alder reaction 

motifs386-389 and disulfide bonds.390-392 Indeed, all these approaches have their own 

merits, however, the healing process is not always ex vi termini perfect, as self-healing 

must be accompanied by gravitational force or mechanical/manual rejoining of the 

damaged material. In this regard, remotely controlled healing strategies allow for on-

demand repairing of the material at the site of interest, although the need for 

mechanical intervention is not completely eliminated. 

In principle, stimuli-responsive (phase change) materials fulfil this requirement of 

controlled self-healing by remote activation once their physicochemical properties 

are optimally integrated with the desired functionality.233 Examples of such systems 

include the use of “smart” polymers,44, 235, 342 or the impregnation of polymer matrices 

with magnetic393-394 and gold nanoparticles395-399 to create hybrid hydrogel composites. 

Particularly, gold nanoparticles (AuNPs) exhibit unique optical, electrical and 
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physicochemical properties, which can be controlled by changing their size, shape, 

surface chemistry or aggregation, and are non-toxic at certain size ranges and 

concentrations.400-401 AuNPs are excellent photothermal antennae owing to their high 

light to heat conversion rate, they do not suffer from photobranching compared to 

other organic photoabsorbers, and they absorb in visible or near infrared 

wavelengths, which is appealing for the type of applications we need here. Their 

synthesis is regularly performed using the Turkevich method,402 where sodium 

citrate acts simultaneously as reducing and stabilizing agent, or the Brust-Schiffrin 

method,403 using tetraoctylammonium bromide as the phase transfer reagent and 

sodium borohydride as the reducing agent. The use of these particles as dopants in 

healable resins or in shape-memory monoliths can confer a light-triggered response 

controlled by the extent and timing of the exposure;399, 404-405 for these reasons, AuNPs 

have attracted interest of the biomedical community for drug delivery, cancer 

therapy, imaging and chemical sensing.406-407 

Although there is substantial body of literature on sol-gel type of polymers and other 

types of materials (i.e. low molecular weight gelators), their use in the context of 

remotely healable systems has not been fully exploited despite the apparent 

advantages that they might convey: 1) their nature can be designed to match the 

mechanical properties of tissues, which renders them attractive candidates for 

(injectable) biomaterials design and/or cell therapeutic implants; 2) they allow for 

(transient) malleability during their gel-sol transition implying that their capacity to 

flow at confined spaces could, potentially, eliminate the need for mechanical 

intervention during the re-joining/repairing step, and 3) in principle, they can be 

doped with suitable fillers either to enrich them with additional functionalities of 

higher complexity or to reinforce their mechanical properties.408 

In this chapter, we report a simple and fast approach towards the construction of 

remotely healable and transiently malleable soft gels based on the dynamic, albeit 

covalent, boronate ester bond formation. Boronic acids are well-known to form 

boronate esters with cis-diols in a pH dependent manner: boronate ester formation is 

favoured at alkaline pH (the pKa of boronic acid is ≈8.8)310 that favours the formation 

of the boronate ester in the tetrahedral form, and is hydrolysed at acidic conditions. 

Boronic acids in the form of polymers and gels have been widely used in the 

biomedical field,103, 245-246 for example, as pH-responsive hydrogels,253, 261 carbohydrate 
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biosensors,250-251, 254, 409 cell encapsulation systems252, 410 and targeting motifs for drug 

delivery and diagnostics.411-412 Inspired by these studies and the previous work on 

boronate ester constructs for chemical logic operations343 and cell surface 

engineering,341, 413 we designed a simple boronic acid-based gel nanocomposite that 

exhibits complex, albeit predictable, physicochemical and mechanical behaviour as a 

multi-healable model platform for cell encapsulation.  

 

The proposed system comprises a synthetic thermoresponsive boronic acid 

copolymer that is crosslinked with poly(vinyl alcohol) (PVA) to form cytocompatible 

hydrogels within seconds under physiological conditions (Figure 5.1a). The network 

can further be impregnated with colloidally stable AuNPs that render the gels 

optically active without compromising their mechanical properties significantly. The 

Figure 5.1. (a) Schematic illustration of the formation of the hydrogels by their building 
components and (b) their (remotely triggered) self-healing properties. 
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gel ensembles can undergo reversible gel-sol transition owing to the disruption of the 

boronate ester crosslinks by thermal (heating above 37 ºC), or optical (short time 

irradiation with green light) stimulus within seconds by taking advantage of the 

photothermal effect (that induces local heating),397-398 as depicted in Figure 5.1b. The 

transient malleability of the material during the transition process can be 

conveniently monitored by an optical signal that is spatiotemporally confined at the 

stimulated areas, allowing for visual inspection of the recovered area. Interestingly, 

the reconstituted gels can fully recover their mechanical properties within minutes 

even without the application of external stimuli. Finally, we demonstrate that these 

materials can be used as bulk cell encapsulants for cell delivery aimed to soft tissue 

engineering applications owing to the mild mixing and recovery conditions for their 

preparation and reconstruction. Such functionalities in terms of multi-responsiveness 

combined with rapid and efficient healing behaviour, and excellent cytocompatible 

properties, have not been extensively exploited in previous boronic acid-based 

studies,258, 264, 266-267, 269 and hence, we anticipate it will be inspirational towards the 

development of functionally more complex, yet synthetically accessible, materials for 

the biomedical field. 
 

5.2 Results and discussion 

5.2.1 Synthesis and characterisation of poly(NIPAAm-co-APBA-co-AAm)  

The copolymer was synthesised by free radical polymerisation of N-

isopropylacrylamide, 3-(acrylamido)phenylboronic acid and acrylamide monomers. 

The final polymer was characterised by 1H NMR and SEC; the Mn of P4 was found to 

be ca. 17,800 Da. From the NMR spectrum, it was possible to determine 

approximately the ratio of each monomer on the polymer backbone, which was 

found to be NIPAAm:APBA:AAm 87:2:11. The chemical composition of P4 was also 

verified by the characteristic aromatic peaks of APBA around 7.2-7.8 ppm and the 

isopropyl residue peaks of NIPAAm at 1.0 and 3.7 ppm in the NMR spectrum 

(Figure 5.2a). 

PNIPAAm exhibits a LCST ≈32 ºC in aqueous solution and becomes insoluble  upon 

heating (hydrophobic state) preventing the mobility of the chains, which arises from 

the disruption of hydrogen bonds between the polymer and water molecules, and 
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the influence of intra- and intermolecular bonding.44 This behaviour has attracted 

great attention as diverse studies were published using this polymer: the 

copolymerisation of NIPAAm with other monomers has been reported to change its 

physicochemical behaviour in aqueous environments; the inclusion of hydrophobic 

units in the polymer backbone promotes the LCST decrease, whereas hydrophilic 

groups have the opposite effect.350, 414-415 The LCST onset of P4 was determined by 

turbidity studies using UV/Vis spectroscopy. The phase transition temperature onset 

was found to be 39 ºC and 42 ºC in PBS and DMEM, respectively (Figure 5.2b). The 

rationale of the P4 design lies on preliminary experiments where it was found that 

the incorporation of APBA, shifted slightly the LCST onset to lower values due to its 

relative hydrophobic character; hence, the copolymerisation with the hydrophilic 

AAm monomer, compensated for the LCST reduction and resulted in a shifting of 

the LCST onset within a therapeutically/clinically relevant temperature window344 

(i.e. slightly above the physiological temperature) to potentially facilitate in/ex vivo 

biomaterial intervention. Ultimately, the cis-diol capturing capacity of the APBA 

residues (even at pH 7.4, which is below the optimum pKa for boronate ester 

formation) was conveniently shown in turbidity experiments conducted in aqueous 

solutions (Figure 5.2c). The glucose-boronate esters formed increase the overall 

solubility of the polymer, which shifts the LCST onset to higher temperature,311, 416 as 

observed in DMEM. 
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5.2.2 Preparation and physical characterisation of the gold nanoparticles  

Polyvinylpyrrolidone (PVP) stabilised AuNPs were prepared via a one-step process 

and characterised by UV/Vis spectroscopy, DLS and zeta potential (see Chapter 2). 

The UV/Vis spectrum of the PVP-coated AuNPs showed a characteristic surface 

plasmon resonance (SPR) at ca. 520 nm (Figure 5.3a). This absorbance band, sensitive 

Figure 5.2. (a) 1H NMR spectrum (DMSO-d6) of P4 and assignment of the related peaks. (b) 
Phase behaviour profile of the copolymer in PBS (pH 7.4) and DMEM. (c) The effect of 
glucose addition on the LCST of P4 in PBS (mean ± SD from triplicates). 
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to the shape and size of the NPs as well as the surrounding dielectric environment, 

results from the oscillation of the free electrons in the conduction band due to the 

resonant excitation by the incident photons.417-418 This behaviour, along with the NPs 

large surface to volume ratio, is particularly interesting to endow these materials 

with tunable physicochemical biorelevant properties. The strong optical absorption 

and subsequent non-radiative energy dissipation allows to efficiently convert the 

incident light into localised heat, which is transferred to the surroundings (through 

phonon-phonon interactions), also known as the plasmonic photothermal effect.419-420  

The TEM images revealed relatively homogenous and spherical particles with an 

average diameter of 4.5 ± 1.3 nm (Figures 5.3b, c); the DLS studies showed a 

significantly higher z-average diameter of 15.14 ± 0.35 nm (with PDI of 0.52 ± 0.02), 

which is expected due to the hydrodynamic shell of the PVP layer in solution. The 

AuNPs exhibited an almost negligibly negative zeta potential (-3.18 ± 0.23 mV), due 

to the oxidised sites of the PVP that occur during the reduction of the gold salts.272, 421 

PVP was chosen as a steric stabiliser of the AuNPs as it is biocompatible and 

provides excellent colloidal stability within a wide range of pH values and ionic 

strength.401 Moreover, it allows for excellent mixing of the AuNPs with the other 

components without noticeable aggregation during the hydrogel preparation.  
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5.2.3 Formation and characterisation of the hydrogels  

Hydrogels were prepared simply by mixing aqueous solutions of P4 and 

biocompatible PVA (PBS, pH 7.4) at 25 ºC; the gel was formed almost instantly, 

within 10 seconds after the mixing of the two precursor polymeric solutions, owing 

to the spontaneous formation of covalent but reversible boronate ester bonds 

between the (meta) boronic acid moieties of P4 and the diol residues of PVA.248, 250 It 

should be noted that although the optimum pH for the formation of boronate ester 

complexes is close to 9 (pKa ≈8.8) at physiological conditions, there is still sufficient 

amount of ionisable boronic acid groups (ca. 6% of the total boronate moieties) that 

bind to cis-diols present on the PVA component at pH 7.4.109, 311 This is also 

Figure 5.3. (a) UV/Vis spectrum of the as prepared AuNPs in aqueous solution. (b) 
Size distribution histogram derived by measuring the diameter of 100 nanoparticles. 
(c) TEM microphotographs of PVP-coated AuNPs (scale bars = 20 nm). 



Transiently malleable multi-healable gels based on boronate ester crosslinks 

 127 

demonstrated by the fast gelation times as well as the rapid healing mechanism, 

which is further augmented by the abundance of cis-diols residues provided by PVA. 

Preliminary experiments were conducted by mixing different concentrations of P4 

and PVA to determine the minimum polymer feed required to form self-standing 

gels (Table 5.1). 
 

Table 5.1 Experimental conditions for the preparation of the hydrogels. 

PVA 
(wt%) 

P4 (wt%) 
2.5 3.7 5 

1.3 - - +/- 
2.5 +/- +/- + 
3.7 +/- + + 
5 + + + 
 

Optically active hydrogels were prepared by adding PVP-coated AuNPs in the PVA 

solution before mixing with the P4 precursor solution (see Figure 5.1). These gels had 

a characteristic red/burgundy colour, indicative of the homogeneous distribution of 

the AuNPs within the polymeric network. Hydrogels of different optical densities 

could be formed by adjusting the AuNPs feed in the mixing step. 

The gels – 5% P4-3.7% PVA (P45-PVA3.7) and 5% P4-3.7% PVA-10% AuNPs (P45-

PVA3.7-AuNP10) – were characterised by UV/Vis spectroscopy, FT-IR spectroscopy, 

TGA and SEM. The UV/Vis spectrum of the AuNPs doped hydrogels showed a 

characteristic SPR band at ca. 520 nm with slight broadening (Figure 5.4a), possibly 

due to partial aggregation of the AuNPs during the hydrogel preparation.418 As 

expected, the non-doped hydrogels showed no apparent absorbance over the 

wavelength range from 400 to 700 nm.  

Figure 5.4b shows the FT-IR spectra of the freeze-dried samples of the building 

components of the gels. Characteristic peaks that appear in P4 and PVA, also appear 

in both gels: a strong amide I band at 1630 cm-1 and amide II at 1530 cm-1 of the P4 

poly(acrylamide) backbone; a broad band around 3300 cm-1 corresponding to the free 

-OH groups of PVA and free water residues. Typical peaks of the isopropyl group of 

PNIPAAm at 1380 and 1360 cm-1 appear in both P4-PVA and P4-PVA-AuNP gels; in 

addition, the bands at 1430 and 1010 cm-1 can be associated with the stretching 

vibration of the phenyl ring, while the peak at ca. 1290 cm-1 can be assigned to the B-

O stretching.422-423 The distinctive absorption peaks (broad) at 3100-3500 cm-1 and 
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2800-2950 cm-1 correspond to -NH, and -CH3/-CH groups from P4, respectively. The 

characteristic C-N stretching of PVP at 1260 cm-1 is also present in the P4-PVA-AuNP 

spectrum.  

The TGA traces (Figure 5.4c) display that P4 exhibits a two-phase mass loss, one from 

30-200 ºC due to moisture and other volatiles, and a main thermal degradation 

profile with onset around 290 ºC, which is completed at 440 ºC, characteristic of 

PNIPAAm. PVA exhibits minor mass loss from 100 to 250 ºC, followed by a sharp 

mass loss up to 340 ºC, and a third phase of lower mass loss rate that is completed at 

500 ºC. As expected, the P45-PVA3.7 gel exhibits a degradation profile that follows the 

average degradation profiles of P4 and PVA, which is indicative of good polymer 

blending during the hydrogel preparation process. The P45-PVA3.7-AuNP10 gel 

exhibits a significant thermal degradation resistance owing to the thermally stable 

PVP-coated AuNPs that show thermal degradation onset at 360 ºC. Figure 5.4d 

depicts a typical SEM image of a freeze-dried hydrogel, where it can be seen that a 

characteristic fibrous-type, micron-sized porous network has been formed. 
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The hydrogels showed interesting thermal responsiveness owing to the PNIPAAm 

content of P4. To fully understand the thermally induced gel-sol transition we 

conducted preliminary 1H NMR studies of dilute mixtures of P4 with PVA at 

different temperatures (Figure 5.5). When the temperature was raised to 40 ºC, the 

intensity signal of the CH(CH3)2 (at 3.6 ppm) and -CH(CH3)2 (at 1.1 ppm) peaks of 

PNIPAAm was significantly reduced as a result of the coil-to-globule transition of P4 

above the LCST. More importantly, the peaks related to the aromatic group of APBA 

at ca. 7.2-8.0 ppm and the backbone (at 2.0 ppm) were also attenuated, while the 

signal intensity of characteristic PVA peaks at 3.9 and 1.5-1.8 ppm remained 

unaffected. It is therefore reasonably concluded that the boronate ester formation 

should be more favourable at temperatures below the polymer’s LCST where the 

Figure 5.4. (a) UV/Vis spectra of P45-PVA3.7 and P45-PVA3.7-AuNP10 hydrogels. (b) FT-IR spectra 
and (c) TGA profiles of the gels and their components. (d) Typical SEM image of freeze-dried 
P45-PVA3.7 gel. 
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APBA residues are more solvated, while a reversible disruption of the boronate ester 

bond should be favoured when P4 exists in a globule/collapsed state.  

A more detailed insight of the actual thermally induced binding and release of the 

PVA diols from P4 was studied by employing a fluorescence assay based on the diol-

containing dye alizarin red S (ARS).424-426 ARS is inherently non-fluorescent but 

fluoresces when bound to boronic acid residues.427 As previously mentioned, PBA 

and diol-containing molecules establish a dynamic equilibrium to form acidic 

boronate ester;104 we hypothesised that at temperatures below the LCST, the 

copolymer exists as soluble coil in aqueous media and expose the boronic acid 

groups to the diols, whereas at higher temperatures the copolymer collapses and 

“hide” them. Mixing of P4 with ARS in alkaline glycine buffer at room temperature 

resulted in the formation of a characteristic orange solution indicative of the 

formation of the fluorescent P4-ARS complex (Figure 5.6a). The complex formation 

could be disrupted simply by raising the temperature to 45 ºC (above the LCST), 

resulting in a characteristic change of colour of the solution to pink (with a slightly 

turbid hue due to the collapsing of P4), which is the non-boronate bound colour of 

the initial non-fluorescent ARS, suggesting the release of the ARS molecules from P4 

(when the copolymer is in a globular state and not available for competitive binding). 

It was possible to monitor the process of the disruption of the PVA-diols from P4 by 

measuring the variation of the fluorescence intensity of the boronate-ARS complex as 

a function of temperature (Figure 5.6a) and time (Figure 5.6b). A gradual decrease of 

the fluorescence intensity was observed by increasing the temperature (and vice 

versa), which became sharper above ca. 38-40 ºC (LCST onset of P4); in the unbound 

state, the protons of hydroxyanthraquinone quenches the fluorescence, but when 

APBA binds to the diols of ARS, the active proton is removed and prevent the 

fluorescence quenching.424 In addition, by keeping the temperature constant at 45 ºC, 

it was found that the ARS was released from P4 in less than 4 minutes, as evidenced 

by the sharp decrease of the fluorescence intensity (Figure 5.6b), which is in good 

agreement with the required timeframe to induce macroscopic gel-sol transition of 

the synthesised gels (see below). Previous works have demonstrated that ARS 

molecules were release from similar thermosensitive PBA-containing copolymers 

rather than trapped,424-426 and hence, this set of experiments enabled us to fully 
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understand the proposed mechanism of the temperature controlled diol release from 

P4 and to harness it in order to construct P4-PVA gels.  

 
 

 
 

 
 

 
 

 
 

 
 

 

Figure 5.5. 1H NMR spectra of P45-PVA3.7 at 25 and 40 ºC in D2O (with a small trace of DMSO-
d6 to facilitate solubility, 400 scans). 
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By doping the gels with AuNPs, it allowed us to trigger this thermally activated gel-

sol type of transition via an optical switch by irradiating the gels at the SPR band (i.e. 

with monochromatic green light at 521 nm). We examined the relationship between 

the concentration of AuNPs in the matrix and the time required to induce complete 

gel-sol transition (Figure 5.7a, b). As expected, the phase transition time of the 

nanocomposites reduced proportionally with the increase of AuNPs incorporated in 

the matrix due to the enhanced light-to-heat conversion rates promoted by the 

AuNPs (photothermal effect).428 More importantly, it was possible to induce full gel 

collapsing at around 39 ºC under 40 seconds (AuNP10), which could be further 

Figure 5.6. P4-ARS interaction in glycine buffer (pH 9) showing the variation of 
fluorescence intensity with (a) temperature (heating-cooling cycle; insets are digital 
photographs of P4-ARS solutions at 25 and 45 ºC), and (b) time at 45 ºC (Ex. 465 nm; mean 
± SD from triplicates). (c) Schematic representation of the ARS assay developed to probe 
the capture/release of diols at different temperatures around the P4 cloud point. 
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enhanced to ca. 25 seconds for the AuNP20. As expected, no phase transition was 

observed in control P4-PVA gels after light irradiation. 
 

Figure 5.7. (a and b) Kinetics of P4-PVA-AuNP gels’ phase transition with 
different concentrations of AuNPs (10-20%) after light irradiation at 521 nm. The 
data are expressed as mean ± SD from three experiments (*p<0.05). (b) Vial 
inversion tests of P45-PVA3.7 and P45-PVA3.7-AuNP10 gels demonstrate 
temperature (I, III) and light (II, IV) dependent viscoelastic mechanical 
properties. 
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The thermally and optically disrupted gels can be seen to flow under gravitational 

force in Figure 5.7c (above the LCST by direct heating or by light irradiation). Upon 

removal of the thermal or the optical stimuli, the gels recovered very rapidly, within 

seconds, to their initial state. This rapid transition even in bulk allowed us to form 

gel samples that could be cut, and then re-joined by bringing them in direct contact. 

Although the diol-boronate ester type of crosslinking constitutes a facile covalent, 

albeit dynamic, type of bonding and allows the re-constitution of cut/damaged 

samples, the application of the thermal stimulus either directly (i.e. for P4-PVA) or by 

light irradiation (for P4-PVA-AuNP gels), allows for a significantly faster 

recovery/healing process as well as for nearly complete restoration of key mechanical 

properties in very short time-frames. Moreover, the transient gel-sol transition phase 

during the application of the thermal or the optical stimulus renders the gels 

malleable, allowing for tailor-made re-shaping in a highly controllable manner. 
 
5.2.4 Mechanical properties of the hydrogels 

Further, we studied the dynamic rheological properties of the hydrogels at 

representative P4, PVA and AuNPs concentrations. Initially, oscillatory strain sweeps 

were carried out at 25 ºC to determine the LVR of the hydrogels. The storage (G’) and 

loss (G’’) moduli were found to intersect at a critical strain value of 110% and 80% for 

P45-PVA3.7 and P45-PVA3.7-AuNP10, respectively, which is required to disrupt the 

polymeric network of the gel and induce a transition to a fluidic state beyond this 

point (Figure 5.8a). These results suggest that the free-standing hydrogels could 

withstand relatively large deformations, which was also evidenced by their ability to 

stretch into long thread-like dimensions, similar to a “spinnbarkeit behaviour”259 

(Figure 5.9).  

Then, frequency sweep measurements were performed within the LVR to evaluate 

the viscoelastic behaviour of P45-PVA3.7 and P45-PVA3.7-AuNP10 gels, as seen in Figure 

5.8b. At high frequency regimes, the G’ was higher than the G’’ for both gels, 

indicating a gel-like character, and the elastic component dominates (the time scale is 

shorter than the lifetime of the reversible crosslinks). The crossover frequency point 

between G’’ and G’ for P45-PVA3.7 and P45-PVA3.7-AuNP10 was ca. 0.48 Hz, and 0.65 

Hz, respectively, below which the gels show a liquid-like behaviour as the viscous 
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component dominates, allowing time for the network to restructure itself under 

stress.259, 376 As expected, these values suggest that the impregnation of the gels with 

AuNPs somewhat compromises their mechanical properties, which can be attributed 

to the fact that doping results in a lower crosslinking density per gel weight.  

Next, the shear-thinning properties of these gels were studied. The viscosity of both 

P45-PVA3.7 and P45-PVA3.7-AuNP10 at 25 ºC decreased almost linearly with the shear 

rate increasing as the dynamic boronate ester crosslinks in the network start to 

disrupt (Figure 5.8c), which allow for low resistance during injection. As mentioned 

earlier, these hydrogels demonstrated a frequency-dependent viscoelastic behaviour, 

which is characteristic of dynamic gel networks with reversible covalent bonds.259, 263, 

429 
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Figure 5.8. Rheological properties of the hydrogels. (a) Strain sweep measurements of P45-
PVA3.7 and P45-PVA3.7-AuNP10 at fixed frequency (1 Hz, 25 ºC). (b) Variation of the G’ and the 
G’’ of P45-PVA3.7 and P45-PVA3.7-AuNP10 as a function of frequency. (c) Shear-thinning 
behaviour of the hydrogels at 25 ºC (10% strain). 
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To elucidate the influence of different polymer concentrations on the rheological 

properties of the hydrogels, we compared the G’ and G’’ of the gels with different 

P4/PVA/AuNPs stoichiometry. It was found that when the concentration of both P4 

and PVA decreased from 5 wt% to 2.5 wt%, the G’ decreased dramatically from 800 

to 90 Pa, apparently due to the lower crosslinking density that results in faster 

relaxation of the polymer network after oscillatory perturbation (Figure 5.10a). The 

same trend was observed when we kept the concentration of P4 constant (at 2.5%, 

3.7% or 5%), but reduced the PVA feed from 5% to 3.7% and 2.5%: a linear decrease 

of the G’ and the G’’ was observed in all cases, indicative of the impact of the 

crosslinking density on the mechanical properties of the gels (without changing their 

reversible nature). A linear decay of the G’ and the G’’ was also observed by 

increasing the AuNPs feed from 10% to 20%, as shown in Figure 5.10b. Therefore, we 

shortlisted the P45-PVA3.7-AuNP10 as the optimum sample for further testing owing 

to its excellent optical properties - that is a rapid photo-triggered gel-sol transition 

within ca. 40 seconds - and good mechanical stability. 

The gels were found to exhibit temperature-dependent viscoelastic properties due to 

the thermoresponsive PNIPAAm element of P4. Temperature sweep tests were then 

performed on P45-PVA3.7 to study this effect (Figure 5.10c). An increase of 

temperature from 25 ºC to 40 ºC resulted in a gradual decrease of the G’ and 

crossover with G’’ at around 39 ºC (tan δ = 1), the critical gelation temperature, 

indicating a gel-sol transition.383 In a complete heating-cooling cycle (25 – 40 – 25 ºC), 

Figure 5.10d, G’ and G’’ restored their original values, confirming the thermo-

reversibility of the mechanical properties of the hydrogel, which is dependent on the 

thermal sensitivity of the equilibrium constant, and relates to the initial degree of 

crosslinking and bond enthalpy.259, 430 When the hydrogel is formed, boronate ester 

crosslinks decrease the mobility of the polymer chains and hence the entropy. Below 

Figure 5.9. Gel stretching of (a) P4-PVA and (b) P4-PVA-AuNP 
into string-like dimensions at 25 ºC. 
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the critical temperature, the system is in the gel state because the binding enthalpy of 

the complex compensates for the loss of entropy. Further temperature increase, 

above this point, translates in the increase of the Gibbs free energy (ΔG = ΔH - TΔS) 

due to larger positive value of TΔS. The binding enthalpy cannot compensate this 

increment that results in the disruption of the gel.431-432 This is facilitated by the “hide-

and-reveal” type of interaction that is driven by the well-known reversible coil-to-

globule transition of PNIPAAm copolymers in aqueous solutions.70, 343, 424 

 

To clarify the diol-boronate binding specificity, a PNIPAAm homopolymer was 

synthesised and mixed with PVA; as expected, no gel formation was observed. 

Another control experiment involved the immersion of a P4-PVA gel in a 2.5% (w/v) 

concentrated glucose solution, where rapid degradation was observed (Figure 5.11). 

Figure 5.10. G’ and G’’ moduli of the gels in relationship to the concentration of (a) P4, PVA 
and (b) AuNPs (time sweep at 25 ºC, mean ± SD from triplicates, *p<0.05). (c) Variation of the 
dynamic moduli and tan δ of P45-PVA3.7 under heating. (d) Thermoreversibility of gel upon 
heating and cooling. 
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It is concluded that the gels do exhibit adequate tolerance to low glucose content 

primarily due to the binding constant of P4 towards PVA compared to free glucose 

residues, and to lesser extent to the slow diffusion of dilute glucose gradients within 

the gel’s polymer matrix. Since these gels are aimed for transient applications and 

not as permanent fillers of cell encapsulation scaffolds, their long-term stability 

should not be a concern for the application they are aimed for (i.e. a healable cell 

encapsulating polymer matrix that is easily malleable in order to fix at the site of 

interest for short timeframes). These results highlight the glucose-sensitive nature of 

the hydrogels and the diol-boronate type of crosslinking. 

 

Finally, we calculated the approximate mesh size (ξ) of the hydrogels by using the 

experimental values of the G’ to calculate the approximate molecular weight between 

crosslinks (see experimental section).273-274 The ξ values for P45-PVA2.5 and P45-PVA3.7 

hydrogels were found to be 5.07 ± 0.13 nm and 4.46 ± 0.09 nm, respectively. The mesh 

size gives a rough estimate of the global microstructure of the gel (although network 

defects can be present), and can provide a relatively generic guide on correlating the 

mechanical properties with the crosslink density of the polymer network.433-434 

Indeed, our reported ξ values are consistent with the measurements of reported gels 

of similar structure, texture and mechanical properties,273, 434-435 and further support 

the concept that the molecular microstructure directly impacts the macroscopic 

properties of the gels as evidenced experimentally. 
 

Figure 5.11. The degradation behaviour of P45-PVA3.7 hydrogel in 0.5% and 2.5% (w/v) 
glucose concentrated solutions at 25 ºC (pH 7.4, mean ± SD obtained from triplicates). 
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5.2.5 Self-healing properties  

To investigate the self-healing ability of the hydrogels, step strain measurements 

were conducted to determine the autonomous recovery of their mechanical 

properties following network rupture at high strains (Figure 5.12a). When the P45-

PVA3.7 gel was subjected to low strain values (10%), the G’ became larger than the 

G’’. However, when a high magnitude strain was applied (200%), the G’ value 

decreased from ≈550 Pa to 220 Pa accompanied by a characteristic inversion of G’ and 

G’’, due to the disruption of the gel network. When the strain returned to 10%, both 

the G’ and G’’ of the gel recovered their initial values within seconds as a result of 

the rapid reconstitution of the dynamic crosslinks. The process could be repeated 

several times without any noticeable loss of the mechanical properties. 

 

Frequency sweep experiments of the healed gels with (temperature or light, Figure 

5.12c) or without stimulus (by mechanical rejoining at 25 ºC, Figure 5.12d) showed a 

Figure 5.12. (a) Representative step-strain measurements of P45-PVA3.7 (25 ºC, 1 Hz). (b) Self-
healing efficiency of P45-PVA3.7 and P45-PVA3.7-AuNP10 in different conditions over time (mean ± 
SD from triplicates, *p<0.05). Frequency sweep of P45-PVA3.7 and P45-PVA3.7-AuNP10 gels before 
and after (c) the stimuli-induced healing process (thermal and optical), and (d) after gel cut and 
rejoining (without stimulus at 25 ºC).  
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comparable profile to the original materials. The healed samples exhibited negligible 

hysteresis of both the G’ and the G’’ throughout the frequency range tested, and 

similar crossover frequencies of the G’ and G’’ values. The largest hysteresis was 

observed in the AuNPs-doped samples that were healed at 25 ºC without stimulus; 

however, their profile was significantly improved upon application of the optical 

stimulus during healing. We hypothesise that the PVP coating of the AuNPs may be 

inhibiting the kinetics of the healing process at room temperature, although the 

recovery of the sample is almost fully restored by application of the optical stimulus, 

presumably due to the enhancement of the mobility of the polymer chains, which in 

turn improve the healing process kinetics. Overall, these results corroborate our 

hypothesis of the complete recovery of the mechanical properties of the gels owing to 

the covalent, albeit reversible nature of the boronate ester groups at the re-joining 

interface even in the absence of any stimulus.  

The self-healing efficiency of P45-PVA3.7 and P45-PVA3.7-AuNP10 was quantitatively 

evaluated by comparing the recovered G’ value of the samples after 1, 5 and 15 

minutes with or without the application of a thermal (39 ºC) or optical stimulus (by 

reforming the sample gel from an initially cut piece). The application of the thermal 

stimulus on the P45-PVA3.7 gel results in a more rapid recovery rate of the mechanical 

properties one minute after thermal treatment (79%) compared to the non-thermally 

treated sample (61%), presumably due to the augmented polymer chain mobility 

driven by the gel-sol network transition within this timeframe. Interestingly, both 

thermally and non-thermally treated samples recovered to almost 95% of their initial 

strength in 15 minutes. The same trend was observed for the optically treated 

sample, P45-PVA3.7-AuNP10: the sample recovered ca. 75% of its initial G’ value, 

compared to 60% of the non-optically treated sample, one minute after application of 

the optical stimulus. Again, the optically treated sample recovered more than 90% of 

its initial G’ within 15 minutes post-healing, although the non-optically healed 

sample recovered ca. 85%. It should be noted that regardless of the application of any 

stimulus, the gels exhibit remarkably rapid and efficient healing capabilities 

compared to other structurally and mechanically similar gels that require hours (or 

even days) for full recovery.257, 385, 436 

Photographs of the thermal- and optical-initiated healing process, in Figure 5.13, 

display the self-healing properties of the gels with or without the application of 
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stimuli. The thermally rejoined gel (P4-PVA, Figure 5.13a) exhibited a characteristic 

white hue in its sol state, due the coil-to-globule transition of P4, which in turn 

renders the gel malleable. This results in the spontaneous formation of a meniscus at 

the interface of the two cut samples that can be combined with minimum mechanical 

intervention to reform the healed sample. The same behaviour was observed in the 

optically rejoined sample (P4-PVA-AuNP, Figure 5.13b) that exhibited a distinct 

purple hue due to the transient aggregation of the AuNPs due to the network 

collapsing. Again, the healed sample was spontaneously formed with no or 

minimum mechanical intervention. The samples that were repaired without the 

application of any stimulus (Figure 5.13c, d) could also be fully healed, although the 

aesthetic result was less satisfactory as the cut interface was still vaguely visible just 

after mechanical rejoining, presumably due to the reduced malleability of these 

samples. It is interesting to note that the transient colour change could be used as an 

optical signal to indicate when the gels are “malleable-ready” to perform 

reforming/healing procedures only when/where the stimuli are applied. In addition, 

the remote reforming of the gels at confined areas without mechanical/manual 

rejoining owing to the transient gel-sol transition, allows for these materials to find 

applications as healable biomedical sealants, cavity fillers or soft scaffolds for tissue 

engineering.236-237 
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5.2.6 Cytocompatibility, cell encapsulation and release from the gels  

Once the physicochemical and mechanical properties of the hydrogels had been 

characterised, we examined their biocompatibility and the possibility to use them as 

cell carriers. Cytotoxicity studies were performed to probe the effect of P4 and the 

gels (P4-PVA and P4-PVA-AuNP) on the viability of H9c2 cells using the resazurin 

assay. The copolymer was found to exhibit excellent cytocompatibility for 

concentrations ranging from 25 to 1000 µg/mL (Figure 5.14a). In addition, cells were 

cultured in gel extracts for 48 hours and no significant cytotoxicity was found for all 

the samples tested with a cell viability above 80% (Figure 5.14b). 

Figure 5.13. Thermally and optically triggered healing process of (a) P4-PVA and (b) P4-
PVA-AuNP, respectively. Digital photographs of initial hydrogel samples of (c) P4-PVA 
and (d) P4-PVA-AuNP after cut through the centre and rejoined for self-healing into one 
integral piece at 25 ºC without any external stimulus. The healed gel could maintain its 
integrity and withstand shaking. 
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Next, we sought to study the gels could serve as gel encapsulants, as several studies 

have shown that soft hydrogels can support the retention of viable cells within 

polymeric matrices for cell delivery/therapy and tissue engineering applications.252, 

266, 269, 437-439 Microscopy images showed that the cells could spread evenly within the 

gel matrix, retained their morphology and apparently increased their density when 

cultured for 48 hours (Figure 5.14c, d); also, the cells predominantly remained alive 

throughout the culture period, as evidenced by the intense green fluorescent signal 

(Figure 5.14e, f). 

Figure 5.14. (a) Effect of P4 concentration on the cell viability of H9c2. (b) Cell viability studies 
of P45-PVA2.5-3.7 and P45-PVA3.7-AuNP10-20. The cells were incubated in the extraction media of 
the gels and the cell viability was measured using the resazurin assay at 24 and 48 h. The data 
are shown as a percentage of the cell viability with respect to the control corresponding to 
untreated cells (mean ± SD obtained from triplicates). Microscopy images of H9c2 cells 
encapsulated in the P45-PVA3.7 hydrogel at (c) 24 h and (d) 48 h, and stained with CellTracker 
Green dye after (e) 24 h and (f) 48 h (scale bars = 400 µm). 
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Subsequently, P45-PVA3.7 hydrogel was conveniently degraded by the addition of 

glucose solution (0.14 M) to disrupt the boronate ester crosslinks, or simply by 

slightly increasing the temperature (≈39 ºC) to induce polymer network collapsing. 

Similarly, the P45-PVA3.7-AuNP10 gel could be dissociated by short-time irradiation 

with green light and demonstrated very good cytocompatibility (Figure 5.15a). The 

released cells could be harvested and cultured on a new tissue culture well plate, 

where they could proliferate with time comparably to non-encapsulated cells 

(control group), without apparent adverse effects on the cell viability and 

morphology (Figure 5.15b, c). It has been reported that hydrogels containing 

dynamic reversible crosslinks may promote the exchange of nutrients and 

metabolites between the cells and the external environment, and allow the cells to 

engage in complex cellular functions, which can represent an advantage in 3D cell 

culture compared with permanently crosslinked networks.429, 440-441 Therefore, we 

believe that the proposed materials can constitute a robust remotely healable 

platform to encapsulate and release cells with applications in cell delivery 

technologies. 
 
 

 

Figure 5.15. (a) In vitro cytotoxicity of H9c2 cells after being encapsulated and released (48 h). 
Data presented as percentage of cell viability with respect to the control corresponding to non-
encapsulated cells (mean ± SD from triplicates). The cells after (b) P45-PVA3.7 and (c) P45-PVA3.7-
AuNP10 gel dissociation could proliferate for 2 days in culture at 37 ºC (scale bars = 1000 µm). 
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5.3 Conclusion 

In summary, we have successfully designed multi-responsive self-healing hydrogels 

based on the dynamic covalent boronate ester complex formed between a 

thermoresponsive boronic acid-based copolymer and PVA (at neutral pH). These 

constructs can further be doped with colloidally stable PVP-coated AuNPs to form 

optically active gel nanocomposites. The proposed materials comprise a fast 

photothermally induced gel-sol type of transition that can be remotely activated, 

providing transient malleability that can be spatiotemporally controlled by visual 

inspection of the stimulated areas. In addition, the mechanical and optical properties 

of the gels could be broadly tuned simply by adjusting the relative ratios of their 

building components. The photothermally controlled dynamic/reversible character of 

the boronate ester crosslinks endows the gels with shear-thinning and rapid healing 

properties under biologically relevant conditions. Indeed, the proposed gels were 

capable to encapsulate cells, retain their viability for days and release them without 

apparent cytotoxicity. The versatile tunability of the mechanical properties as well as 

their rapid healing capabilities and adaptability to external stress potentiate these 

materials to find applications as on-demand remotely healable cell capture and 

release systems, or as cytocompatible soft fillers of biological cavities in soft tissue 

engineering and cell therapeutics. Therefore, we anticipate that our proposed 

materials will further fuel the field towards the development of even “smarter” self-

repairing materials for biomedical applications and conceptualise their use in the 

clinical setting. 
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The premise that medical nanodevices could “travel” inside the human body and 

reach the intended sites has been far more developed in the latest years, as envisaged 

by Richard Feynman during the late 1950s.442 Biomedicine has expanded in many 

different directions, for example, through the development of “smart” and dynamic 

biomaterials that resemble living systems or interact with biological entities to 

provide a precise and efficient response to external triggers. Hence, the rationale 

behind this project lies on the idea of designing hybrid adaptive materials that 

interact with cells on-demand to circumvent therapeutic obstacles of cell delivery, or 

in disease modelling. 

The summary of the key findings and suggestions for future research are discussed 

in this chapter. 
 

6.1 Summary 

The work presented in this dissertation fundamentally focused on three pillars: 1) the 

design of biocompatible “smart” polymers that reversibly interact with the surface of 

living cells, or other functional materials; 2) the mechanistic study of polymer-cell 

ensembles to regulate the formation of cell aggregates (CAs)/spheroids and cellular 

glues, and 3) the development of responsive healable 3D constructs towards creating 

a simple and generic platform with interest in cell therapies and tissue engineering. 

 

Specifically, Chapter 3 reported a straightforward approach towards the rapid 

formation of CAs (ca. within 20 minutes) in a fully reversible manner, under 

conventional cell culture conditions, by exploring bioorthogonal reactions between 

two synthetic polymers and the cell membrane of fibroblasts and lung cancer cells. 

Accordingly, a glucose-responsive phenylboronic acid (PBA) copolymer was 

synthesised and found to bind covalently, albeit reversibly, to the cis-diols residues 

(e.g. sialic acids) present on the cell surface; a second thermoresponsive copolymer 

was also synthesised in order to exploit the covalent attachment to primary amino 

groups found on free lysine residues on cell membrane glycoproteins facilitated by 

direct N-hydroxysuccinimide (NHS) binding. It was possible to monitor and control 

the growth of cell assemblies without adversely influencing their viability. The 
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addition of glucose or the variation of temperature around polymer’s LCST allowed 

for the reversible disruption of the CAs. It was also observed that control polymers 

did not induce cellular aggregation, which demonstrated the binding specificity of 

the reactive functional groups in the process. These results served then as motivation 

to create macroscopic “cellular glues”: both copolymers could form free-standing 

cell-laden gels under physiological conditions, which could be reversibly turned to 

their corresponding sol states either by the addition of glucose or simply by lowering 

the temperature, without compromising the cell viability. The cell-laden gels could 

be formed within seconds and with different cell lines. Such generic strategy to 

induce a stimuli-responsive cell aggregation within this short timeframe, in presence 

of serum, is of paramount importance since current studies do not fulfil all these 

aspects. It is anticipated that the proposed approach will contribute to the 

development of accessible materials to create “cellular glues” for cell transplantation. 

Chapter 4 builds on the knowledge acquired in the previous study and expands the 

concept to the development of cell spheroids and study of their kinetics and 

metabolic activity. Several current methods present deficiencies, such as variable 

spheroids diameter, laborious handling or low-throughput, which constrain their 

efficacy in research. It was shown that a thermoresponsive PBA-based copolymer 

could regulate the rapid formation of CAs/spheroids, at micromolar concentrations, 

exerted by specific polymer-cell surface interactions with cis-diols and/or via 

hydrophobic interactions, using either cardiac or cancer cell lines. The proposed 

copolymer could be easily integrated with existing cell culture protocols and was 

found to accelerate the formation of well-defined and homogenous spheroids by at 

least 24 hours in comparison with non-treated controls. Furthermore, this strategy 

allowed for fine control of the aggregation kinetics owing to its reversible response to 

temperature and glucose content, and govern the spheroids’ size. It is also generic as 

virtually most cell lines possess glycosylated residues on their surface that can act as 

chemical anchors of the copolymer. This study emphasises the role of biomaterials in 

the creation of 3D constructs and maintaining of cell dynamics. On the basis of its 

simplicity, cost�and effectiveness to promote cellular aggregation, this platform 

holds promise in 3D tissue/tumour modelling for biomaterials design, drug 

screening as well as cell delivery systems in the form of viable spheroids. 
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The design of materials that mimic aspects of self-healing, as observed in nature, is of 

paramount importance as they could solve a number of problems in the biomedical 

field, such as the elimination of (bio-)material failure after prolonged use, improved 

integration at the interface with living tissues and more robust biomechanical 

performance. In Chapter 5, the boronic acid chemistry was also explored to fabricate 

multi-responsive self-healing hydrogels comprising a polymer matrix of poly(vinyl 

alcohol) mixed with a thermoresponsive PBA copolymer that is subsequently 

impregnated with PVP-coated gold nanoparticles. The resultant gel nanocomposites 

were crosslinked by the formation of reversible boronate ester bonds that could be 

remotely disrupted by a thermal or optical stimulus, endowing the gels with 

thermally-induced transient malleability that is optically trackable, which exhibited 

excellent healing properties within minutes even without the application of external 

stimuli. The rapid formation of the gels in concert with their fast and mild gel-sol 

phase transition under biologically relevant conditions was demonstrated by the 

encapsulation and release of cells in vitro, which constitute a versatile cytocompatible 

platform for the construction of remotely healable soft gels for biomedical 

applications. The incorporation of boronic acid moieties into polymers offers several 

opportunities for the design of biomaterials with unique properties to tune the pH, 

temperature and/or diols sensitivity. The proposed gels exhibited many interesting 

properties, such as versatile multimodal responsiveness, tunable mechanical 

properties, very fast healing ability and biocompatibility, which potentiate them as 

remotely healable cell capture and release systems, soft injectable fillers of biological 

cavities in tissue engineering, and hence are expected to be inspirational for the 

development of more complex, yet accessible, functional constructs.  
 

6.2 Concluding remarks and future directions 

In recent years, the development of responsive polymeric materials has expanded 

significantly owing to the constant growth of new chemistries and polymerisation 

methods, which allow for the synthesis of complex and well-defined polymer 

architectures with predictable structure-to-function behaviour. These polymers 

exhibit multifarious changes of their properties by application of physicochemical 
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stimuli, be these reversible sol-gel transformations, hydrophilic/hydrophobic 

transitions, shape and volume changing. 

Cell membrane engineering benefits from the recent advances in polymer science by 

exploiting novel approaches and materials to improve the direct delivery of 

cells/cargo to the target tissue, control the exchange of molecules across the 

membrane and create “smart” coats that adapt to the environment changes. It is 

known that the plasma membrane is a pivotal and complex structure involved in 

cellular communication, adhesion, migration and signal transduction. Although 

studies indicate that chemical modification has minimal impact on cells, it is 

necessary to study its long-term effect in terms of cell viability and reduce any 

negative impact on cellular functions to avoid anoikis443 (resulting from the loss of 

cell adherence to the ECM). It is also critical to investigate the localisation, stability 

and sensitivity of the immobilised molecules, their fate, and how cell division affects 

their accessibility. Current in vitro models may fail to recapitulate certain aspects of 

the dynamic microenvironment sensed by the cells in real conditions. Redesigning 

the cell membrane with functional materials will continue to impact the cell fate and 

functioning to foster novel technologies that can be used for therapeutic and 

diagnostic purposes, bearing in mind that response efficacy and translational 

feasibility are fundamental criteria for their success at the clinical setting. 

 

Overall, the conclusions support the hypothesis outlined in the beginning of the 

thesis. It is expected that the work presented here may pave the way towards the 

development of artificial in vitro biological toolboxes that could closely mimic the 

physiological in vivo microenvironment for 3D cell culture, and contribute to probe 

polymer-cell interactions and dynamic stimuli-responsive constructs. 

In future studies, it would be interesting to study the stability and long-term effect of 

the polymers on the cell surface, to further characterise the polymers using 13C/11B 

NMR and mass spectrometry, to elaborate more on the confocal microscopy studies, 

to probe the deposition of ECM and the expression of adhesion molecules (such as 

cadherin), and whether the combination of different ligands would influence the 

trafficking of molecules across the membrane and impact the cell phenotype. 

Alternatively, cellular glues combining different cell lines to construct organoids 

and/or drug screening models could be exploited; the in vivo evaluation of these 
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injectable cell-laden gels for tissue engineering from a biochemical and 

biomechanical perspective would also be significant. Moreover, the optimisation of 

gel nanocomposites’ injectability and the application of these materials as well as the 

integration of cell spheroids in 3D printing could be tested in the near future, using 

polymers and cells as bioinks for cell culture.444-445 

We expect that these protocols may provide a roadmap for future advances in cell 

therapies which will expedite the clinical use of cells, improving the quality and 

accessibility of disease treatments. 
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Appendix 

Supporting Information for Chapter 3 

	

	
	
	
	
	
	
Supporting Information for Chapter 5 

Preliminary viscosity and time sweep experiments of preformed P45-PVA3.7 

hydrogels at pH 9 were carried out, where we observed moderately higher stability 

and enhanced mechanical properties. 

	

Figure S1. 1H NMR of PVP. 
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Table S1. Details of others copolymers synthesised. 

Monomers Initial ratio 
LCST onset 

(ºC)a 

NIPAAm/AAm/APBA 91:8:1 36 

NIPAAm/AAm/APBA 81:18:1 42 

DEGMA/OEGMA/NHS 80:19.5.0.5 31 
a in PBS (pH 7.4) 

 

Figure S2. (a) Thixotropic behaviour of P45-PVA3.7 gel (pH 9) at 25 ºC, and (b) G’ and G’’ 

moduli at 1 Hz (time sweep). 
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